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ABSTRACT 

Developmental eye conditions affecting the anterior segment structures can present 
as an isolated ocular condition, or in association with systemic anomalies, and often 
display phenotypic and genetic heterogeneity with overlapping clinical presentations. 
In this study a combination of targeted Sanger sequencing and whole exome 
sequencing was employed to investigate the genetic cause(s) of a range of 
developmental disorders affecting the cornea, iris and/or lens.  
 
Novel CHRDL1 mutations were identified in a large cohort of families with X-linked 
megalocornea (MGC1). Deep phenotyping for these families defined the diagnostic 
criteria for MGC1, which improves the accuracy of differential diagnosis of MGC1 
from primary congenital glaucoma. Conversely, the genetic heterogeneity of 
syndromic megalocornea was established following the identification of disease-
associated mutations in different genes including FOXC1, LTBP2, KDM5B, and a 
potential digenic inheritance in one family, with a CHRDL1 mutation accounting for 
the ocular phenotype.  
 
In three families with an unclassified form of anterior segment dysgenesis, recessive 
mutations in a novel gene, CPAMD8, were identified as the genetic cause. The 
defining phenotypes of this new form of ASD were iris hypoplasia, ectropion uveae 
and displaced pupils (corectopia). Phylogenetic analyses demonstrated the rodent 
lineage-specific deletion of CPAMD8. The spatiotemporal expression of CPAMD8 
was therefore investigated in the developing human eye, which revealed CPAMD8 
expression in the ocular tissues affected in patients.  
 
A genetic study of congenital cataract (CC) and Nance-Horan syndrome (NHS), 
revealed a recessive mutation in GCNT2, that was also associated with a rare adult 
i blood phenotype in one family. Out of three families diagnosed with NHS, only one 
was solved by WES, suggesting that non-coding mutations in the NHS gene, not 
covered by WES, may be the cause in unsolved cases. CCDC22 was shown to 
interact with NHS, and the interaction was mediated by the NHS WAVE homology 
domain.  
 
The phenotypic and genetic heterogeneity of anterior segment defects observed 
reflects the underlying tightly regulated ocular developmental processes. This study 
has identified the genetic cause of several conditions, including a new form of ASD, 
leading to improved differential diagnosis, enhancing our understanding of the 
biological pathways and consequences of mutations in genes involved in eye 
development.  
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1 Introduction 

 

1.1 ANATOMY OF THE HUMAN EYE  

The human eye is a complex organ. The structures of the eye are illustrated in 

Figure 1.1, and can be considered as two segments: anterior segment and posterior 

segment. The anterior segment is further divided into the anterior chamber and 

posterior chamber. The cornea, iris, lens, ciliary body, trabecular meshwork, and 

Schlemm’s   canal   are in the anterior segment, whereas the posterior segment 

includes the retina and optic nerve (Figure 1.1) (Ito and Walter 2014).  

 

The formation of the human eye begins approximately 3 weeks into gestation. 

Embryonic development of the eye is a highly organised process, tightly regulated 

by different transcription factors and signalling pathways, which when perturbed, 

causes a range of different ocular developmental disorders (Fuhrmann 2010; Graw 

2010).  

 

 

 
Figure 1.1 Schematic diagram of the human eye (adapted from a web resource, 

https://www.genes-vision.ch/retinalearn/eye-anatomy/) 
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1.1.1 Anterior segment of the eye 

The anterior segment of the eye comprises all structures in front of the vitreous 

chamber, which includes the cornea, iris, lens, ciliary body, trabecular meshwork, 

and  Schlemm’s  canal  (Sowden 2007; Reis and Semina 2011; Ito and Walter 2014) 

(Figure 1.1). The space between the cornea and lens is filled with aqueous humour 

(AH), which provides nutrients to the tissues in the anterior segment. AH is 

produced by the ciliary body and drained from the anterior chamber by the 

trabecular   meshwork   and   Schlemm’s   canal.   Regulation   of   AH flow is critical for  

maintaining optimal intraocular pressure (IOP) (Sowden 2007; Ito and Walter 2014).  

 

1.1.2 Embryonic development of the anterior segment 

1.1.2.1 Early formation of optic cup 

The structures of the eye are derived from different embryonic origins including 

surface ectoderm, neuroectoderm, and mesenchyme (Table 1.1). Eye gastrulation 

begins at approximately the 3rd week of gestation in humans, with the formation of a 

single eye field from the neuroectoderm in the median region of the anterior neural 

plate. The single eye field then moves laterally, separates and forms the optic 

vesicle, adjacent to the surface ectoderm. In parallel, the lens placode is formed 

from the surface ectoderm, which interacts with the optic vesicle and induces the 

invagination of the optic vesicle to form the optic cup (Figure 1.2) (Graw 2003, 2010).  

 

Table 1.1 Embryonic derivatives of tissues in the anterior segment (adapted from 

Idrees et al. 2006) 

Ectoderm 

 
Surface ectoderm Lens and corneal epithelium 

Neuroectoderm Sphincter and dilator muscles of iris, iris pigmented 

epithelium, ciliary pigmented epithelium, ciliary non-

pigmented epithelium, and zonules of the iris 

Cranial neural 

crest cells 

Corneal stroma and endothelium, sclera (except temporal 

portion),   trabecular   meshwork,   Schlemm’s   canal,   anterior 

chamber angle, thin layer of anterior iris stroma, ciliary 

muscles, ciliary stroma, uveal and epithelial melanocytes 

Mesoderm  Temporal portion of sclera and endothelial lining of blood 

vessels 
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Figure 1.2 Formation of the optic up. Gastrulation of the eye begins with the formation of a single field in the median region of anterior neural 

plate, which then moves laterally to form two optic vesicles. The lens placode (from surface ectoderm) invaginates to form the lens pit and later 

the lens vesicle. Interaction of the lens placode with the optic vesicle induces the inward folding of the optic vesicle to form the optic cup 

(adapted from Graw 2003).  
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1.1.2.2 Lens development 

In addition to the formation of the optic cup, the formation of the lens placode marks 

a critical step during eye morphogenesis. In humans, this process occurs at 

approximately day 33 of gestation. The formation of the lens placode begins with 

thickening of the surface ectoderm, which is induced upon close contact with the 

underlying optic vesicle. The lens placode, which is composed of lens progenitor 

cells, then invaginates and forms the lens cup (also known as the lens pit). The lens 

cup then closes up and separates from the surface ectoderm, forming the lens 

vesicle (Figure 1.3). A lens stalk is formed temporarily to connect the lens vesicle 

and the surface ectoderm, which is later retracted. The parted surface ectoderm will 

form the corneal epithelium at a later stage (Graw 2003, 2010).  

 

The lens vesicle has a spherical shape with an empty cavity (Figure 1.3). The 

anterior cells form the cuboidal lens epithelium. The lumen is then filled as a result 

of the elongation of the columnar posterior epithelial cells, giving rise to the primary 

lens fibre cells that form the embryonic nucleus. This process takes place at 

approximately day 44 of gestation in humans. The posterior epithelial cells 

contribute to most of the growth of lens during the first two months of lens 

development (embryonic nucleus). The actively dividing anterior progenitor cells 

near the central region then move to the equatorial region (lens bow), proliferate 

and differentiate into secondary lens fibre cells (also known as the foetal nucleus). 

The secondary lens fibre cells are displaced inwards between the capsule and 

embryonic nucleus and meet on the vertical planes to form the Y-suture (Figure 1.3 

and Figure 1.4) (Graw 2003, 2010; Cvekl and Ashery-Padan 2014). 

 

The anterior lens epithelial cells are mitotically active and produce secondary lens 

fibre cells throughout human life; however, when these cells are mature and are 

displaced into the inner layer, they start losing their organelles and nuclei during the 

differentiation process (Graw 2003, 2010). Lens fibres at the periphery are therefore 

newly formed young cells, as the lens fibres are successively displaced to the inner 

cortex (Graw 2003, 2010; Cvekl and Ashery-Padan 2014). 
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Figure 1.3 Embryonic development of the lens. Invagination of the lens placode 

forms the lens cup, which closes up to form the lens vesicle. Proliferation and 

elongation of the posterior epithelial cells fills the lumen. The anterior lens epithelial 

cells actively divide to form new secondary lens fibre cells, which are successively 

displaced into the inner cortex (adapted from Graw 2003).  

 

 

 

Figure 1.4 Stratified 3D structure of a human lens and illustration of the Y-

suture. (A) Illustration of sagittal section of the lens showing stratified layers in the 

lens. Newly formed lens fibres are at the periphery,  whereas  the  ‘older’   lens  fibres  

are displaced to the inner layer. aS, anterior suture; LE, lens epithelium; LF, lens 

fibres; LC, lens capsule; OFZ, organelle-free zone; pS, posterior suture; 2° LFs, 

secondary lens fibres; Sy, syncytium (B) Y-suture visualised from the anterior or 

posterior surface of the lens  (adapted from Kuszak et al. 2004; Cvekl & Ashery-

Padan 2014). 
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1.1.2.3 Cornea development 

The cornea is comprised of an anterior epithelium and a posterior single layer of 

endothelial cells, with the corneal stroma in between. The development of the 

cornea is induced by the formation of the lens vesicle and optic vesicle. After the 

lens vesicle has completely separated from the surface ectoderm, the surface 

ectoderm continues to proliferate to form the corneal epithelium. The basal lamina 

of the corneal epithelium produces collagen fibres and glycosaminoglycans, which 

form the primary corneal stroma (Graw 2003, 2010).  

 

In the 5th week of gestation, after the temporary lens stalk degrades (section 

1.1.2.2), three waves of mesenchymal cell (of neural crest origin) migration towards 

the space between the surface ectoderm and lens vesicles take place. Two waves 

of mesenchymal cells condense and contribute to different corneal structures: the 

first wave forms the corneal endothelium, whereas the third wave migrates between 

the epithelium and endothelium to form the keratocytes that reside in the stroma. 

Descemet’s  membrane  is  derived  from  the  basal  lamina of the corneal endothelium, 

whereas the keratocytes synthesise type I collagen fibres and proteoglycans, which 

are organised as lamellae to form the secondary corneal stroma (Graw 2003, 2010). 

The second wave of mesenchymal cells form the pupillary membrane, which is 

described in section 1.1.2.4 (Graw 2003, 2010).  

 

In contrast to primates, there is only a single migration of mesenchymal cells that 

contributes to both the corneal endothelium and keratocytes in rodents, cats and 

cows (Cvekl and Tamm 2004). 
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Figure 1.5 Embryonic development of the cornea. The corneal epithelium is 

derived from the surface ectoderm. Three waves of mesenchymal cell migration to 

the space between the surface ectoderm and the lens vesicle. The first and third 

waves form the corneal endothelium, and keratocytes in the stroma, respectively, 

whereas the second wave forms the pupillary membrane. The primary corneal 

stroma is derived from the basal lamina of the corneal epithelium, whereas the 

secondary stroma is produced by the keratocytes. Descemet’s  membrane  is  derived  
from the basal lamina of the endothelium (adapted from Graw 2003). 

 

1.1.2.4 Development of the iris and ciliary body  

In parallel to the formation of the lens and cornea, the distal tips of the optic cup 

proliferate and extend to form two layers of neuroectoderm: the outer pigmented 

epithelial (PE) layer and inner non-pigmented epithelial (NPE) layer. These layers 

form the future iris and ciliary body (Figure 1.6). The iris consists of the most 

posterior layer, the iris pigmented epithelium (IPE), and anterior to the iris are the  

iris muscles and iris stroma. The base of iris is attached to the ciliary body and the 

irido-corneal angle (Davis-Silberman and Ashery-Padan 2008).  

 

By the end of the 3rd month of gestation, the formation of the iris begins. The iris is 

derived from two embryonic origins: IPE and iris sphincter and dilator muscles are 

derived from the neuroectoderm of the optic cup, whereas the iris stroma develops 

from the periocular mesenchyme. The aforementioned second wave of 

mesenchymal cells condense and form the pupillary membrane. The extension of 

the two-layered distal tips of the optic cup neuroectoderm then reach the posterior 



 Chapter 1 

 

26 | P a g e  

 

of the pupillary membrane and three of these structures fuse to form the iris (Davis-

Silberman and Ashery-Padan 2008; Graw 2010).  

 

IPE cells then differentiate into myofibrils to form the iris sphincter and dilator 

muscles. These muscle act antagonistly to regulate the constriction and dilatation of 

the pupil in response to light (Graw 2003, 2010). Periocular mesenchymal cells 

migrate anteriorly to the lens, and differentiate into fibroblasts and melanocytes to 

form the iris stroma; however, the origin of the periocular mesenchyme that forms 

the iris stroma in mammals is still under debate, and either derives from the neural 

crest or mesoderm or a combination of both (Davis-Silberman and Ashery-Padan 

2008).  

 

In the peripheral part of the pupillary membrane, cells also differentiate into 

fibroblast-like cells that secrete collagen fibrils and extracellular matrix, which then 

fuse with the IPE to form the anterior stroma of the iris. Different iris colours occur 

as a result of differential amounts of melanin in the iris stroma and IPE (Davis-

Silberman and Ashery-Padan 2008). IPE cells are known for their trans-

differentiation ability. In newts, the lens can be regenerated from the dorsal IPE 

(Sousounis et al. 2013). The plasticity and trans-differentiation ability of IPE has 

promoted cell-replacement therapy, in which the retinal pigmented epithelial (RPE) 

cells in patients with macular degeneration were replaced with IPE cells (Thumann 

et al. 2000).  

 

While the distal parts of the optic cup neuroectoderm form the iris, the proximal non-

pigmented layers develop into the ciliary body (Figure 1.6). Periocular mesenchyme 

then condense at the anterior part of the ciliary body to form the stroma of the ciliary 

body, whereas the myofilament of the periocular mesenchyme continues to 

proliferate and forms the ciliary body muscle (Graw 2003; Davis-Silberman and 

Ashery-Padan 2008). 

 

The pupillary membrane degenerates by the 8th month of gestation, which gives rise 

to the pupil, whereas the iris stroma, dilator muscle, and ciliary body are still 

immature after birth (Davis-Silberman and Ashery-Padan 2008).  
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Figure 1.6 Formation of the iris and ciliary body. (A) The two-layer distal tips of 

the optic cup neuroectoderm proliferate and extend to form the iris and ciliary body. 

(B) Illustration of the two-layered distal tips of the optic cup neuroectoderm: the 

outer pigmented epithelium (PE) layer forms the iris, whereas the proximal inner 

non-pigmented epithelium (NPE) layer forms the ciliary body (modified from Davis-

Silberman & Ashery-Padan 2008).  

 

1.1.2.5 Anterior chamber and angle formation 

A presumptive anterior chamber can be seen between the corneal endothelium and 

iris epithelium by the end of the 3rd month of gestation. The mesenchyme in the 

anterior chamber forms the trabecular meshwork, whereas Schlemm’s   canal 

develops from a small plexus of venous canaliculi. At the 7th month of gestation, the 

ciliary  body  muscle  is  still  developing.  Schlemm’s  canal  extends  posteriorly  towards  

the edge of the anterior chamber while the anterior chamber angle continues to 

recede and widen in a triangular shape. By the end of the 9th month of gestation, the 

anterior chamber further deepens and surpasses the spur. The anterior chamber 

angle continues to develop and it remains immature until 6 to 12 months after birth 

(Sampaolesi et al. 2009). 
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Figure 1.7 Anterior chamber and angle development. By the 7th month of 

gestation, the anterior  chamber  angle  is  visible  and  it  reaches  the  Schwalbe’s  line.  It  

continues to deepen and widen until 9th months of gestation, when the anterior 

chamber extends past the scleral spur. The anterior chamber angle is still immature 

at birth (Sampaolesi et al. 2009).  
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1.1.3 Genes involved in the development of the anterior segment  

Embryonic eye development begins with the formation of a single eye field, followed 

by the formation of the optic vesicle and lens placode, which develop into the optic 

cup, and lens vesicle (initial lens 3D structure), respectively. This is then followed by 

the formation and morphogenesis of different structures including the iris, cornea, 

ciliary body and retina (Cvekl and Tamm 2004; Graw 2010). Genes that act early 

during eye development are the master control genes of ocular development, the 

majority of which code for transcription factors, whereas some encode signalling 

molecules (Graw 2010) (Table 1.2). The key players at the top of the hierarchy of 

eye development include transcription factors SIX3 (sine oculis homeobox, 

Drosophila homolog 3), RAX (retina and anterior neural fold homeobox), PAX6 

(paired box protein 6), SOX2 (Sry-box2), and signalling molecule SHH (sonic 

hedgehog). They act early during the formation, patterning, and splitting of the 

single eye field to form the optic vesicles. Thus, mutations in these genes mainly 

cause gross maldevelopment of the eye (Graw 2003, 2010). For example, 

mutations in Pax6 result in an eyeless phenotype in Drosophila (ey) (Gehring 2002), 

whereas in humans, PAX6 mutations cause a wide range of ocular phenotypes, 

including aniridia (most common; section 1.2), isolated congenital cataract, Peters 

anomaly, Axenfeld-Rieger syndrome, coloboma, and keratitis (Table 1.3). Mutations 

in the SIX3 gene are associated with holoprosencephaly (the failure of 

prosencephalon to develop into two hemispheres), or in some cases milder 

microphthalmia and coloboma (section 1.2.1.4; Table 1.3) (Wallis et al. 1999), 

whereas SOX2 and RAX mutations result in microphthalmia or anophthalmia 

(section 1.1.2; Table 1.3) (Fantes et al. 2003; Voronina et al. 2004).  

 

The optic vesicle interacts with the adjacent surface ectoderm and triggers the 

thickening of the surface ectoderm to form the lens placode. Genes involved in the 

formation of lens placode are illustrated in Figure 1.8. The formation of the lens can 

be divided into four main stages. The first stage involves the formation of the 

anterior pre-placodal region that will form the future lens placode. This process is 

mainly regulated by PAX6, SIX3 and SOX2, mediated by retinoic acid (RA), 

activation of BMPs (bone morphogenetic proteins) and FGF (fibroblast growth 

factor) signalling, and inhibition of Wnt signalling. SIX3 regulates the onset of PAX6 

expression, PAX6 in turn regulates the expression of SIX3 during the pre-placodal 

stage. In the lens placode, PAX6 regulates the expression of SOX2. SOX2 

expression is switched off upon completion of the invagination of the lens placode to 

form the lens vesicle. During the second stage of lens formation, a lens placode is 
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formed, followed by the invagination of the lens placode to form the lens cup (lens 

pit), which later closes up to become the lens vesicle. The third stage involves the 

differentiation of posterior primary lens fibre cells and anterior lens epithelium, which 

requires BMP, FGF and Notch signalling. The final stage is the arrangement of lens 

fibre cells to form the microarchitecture in the lens. Degradation of organelles also 

occurs during this phase, which gives rise to lens transparency (Graw 2003, 2010; 

Cvekl and Ashery-Padan 2014).  

 

Thus, four major signalling cascades play important roles during early lens 

development: FGF, BMP, Wnt and Notch signalling (Graw 2010), which are 

mediated by the early-acting master control genes, PAX6, SIX3, SOX3, and RAX. 

These genes then regulate the expression of downstream genes. For example, 

PAX6-regulated genes include genes encoding transcription factors such as FOXE3 

(forkhead box E3), PITX3 (paired-like homeodomain transcription factor 3), and 

MAF (musculoaponeurotic fibrosarcoma oncogene homolog), and genes coding for 

structural proteins in the lens and cornea such as crystallin and keratin genes, 

respectively (Ashery-Padan and Gruss 2001).  

 

After the formation of the lens vesicle, families of transcription factor genes such as 

FOX (forkhead box), PITX (paired-like homeodomain transcription factor), and MAF 

(bZIP transcription factor) start to act downstream of the aforementioned master 

control genes in specific regions of the eye such as the mature lens, iris and cornea 

(Graw 2010; Cvekl and Ashery-Padan 2014). 

 

The forkhead family genes encode transcription factors which regulate a wide range 

of target genes. The forkhead genes that are critical during eye development 

include FOXC1 and FOXE3 (Graw 2003). Expression of FOXC1 is mainly detected 

in the periocular mesenchyme contributing to the structure of the iris and cornea 

(Sowden 2007), whereas FOXE3 is expressed predominantly in the lens vesicle 

(Blixt et al. 2000). Heterozygous mutations in FOXC1 are associated with a wide 

range of anterior segment dysgeneses (ASDs), including the phenotypic 

heterogeneous Axenfeld-Rieger syndrome (ARS) (Mears et al. 1998), Peters, 

anomaly (Nishimura et al. 2001) and aniridia (Khan et al. 2008), whereas mutations 

in FOXE3 cause anterior segment mesenchymal dysgenesis (ASMD) with cataract 

(Semina et al. 2001), and microphthalmia  (Reis et al. 2010) (Table 1.3).  
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PITX2 and PITX3 are involved in eye development. They are both expressed in the 

lens, cornea and retina (Graw 2003). PITX2 has a similar expression pattern to 

FOXC1 in the periocular mesenchyme (Sowden 2007). Therefore, heterozygous 

mutations in PITX2 are associated with similar phenotypes, including ARS and 

Peters anomaly (see Table 1.3). Similar to FOXE3, mutations in PITX3 cause 

anterior segment mesenchymal dysgenesis (ASMD) and cataract (Semina et al. 

1998). 

 

In contrast to the forkhead and PITX genes, the MAF transcription factor family of 

genes are mainly expressed in the lens, from the early lens placode to lens vesicle 

and eventually in the primary lens fibre cells. MAFs are known to regulate the 

transcription of crystallin and PITX3 (Graw 2003). Consistent with its expression 

during lens development, mutations in MAF are associated with congenital cataracts 

(Jamieson et al. 2002) (section 1.3.1). 

 

As some of the genes involved in eye development also play a role in the 

development of other organs, mutations in these gene can result in extraocular 

phenotypes (see Table 1.2). One of the most well-studied examples is the FOXC1 

gene, which in addition to its role in eye morphogenesis, also plays an important 

role in the development of the brain, heart, somites, kidney and urinary tract (Kume 

et al. 2000, 2001; Seo et al. 2006; Aldinger et al. 2009). Thus, a wide range of 

extraocular phenotypes have been associated with ARS caused by mutations in 

FOXC1 (DeScipio et al. 2005; Aldinger et al. 2009).  

 

A summary of the genes involved in the development of the anterior segment and 

the phenotypes associated with mutations is shown in Table 1.2. 
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Figure 1.8 Transcription factors and signalling molecules involved in the 

formation of the lens placode. Retinoic acid (RA) is synthesised in the periocular 

mesenchyme (POM). In the optic vesicle (OV), Lhx2 regulates the activation of 

BMP4 and BMP7. Bone morphogenetic proteins (BMPs) and RA signalling stimulate 

the prospective lens epithelium (PLE). Expression of Hes1, Lhx2, Mab21l1, Pax6 

and Rx are also required for this process. In the PLE, Six3 regulates the onset of 

Pax6, which in turn inhibits Wnt signalling. The target genes of BMP4/7 are yet to be 

identified. In the lens placode (LP), a dynamic regulatory relationship exists between 

Pax6, Six3, and Sox2 in addition to their ability to autoregulate themselves. Six3 

regulates Six2 and Pax6, whereas Pax6 regulates Six3 and Sox2. The dashed line 

indicates the dynamic regulatory relationship between Pax6 and Sox2. CBP and 

p300 proteins are acetylases, which are required for the regulation of 

Six3/Pax6/Sox2. RARE is retinoic acid response element (adapted from Cvekl & 

Ashery-Padan 2014). 



 Chapter 1 

 

33 | P a g e  

 

Table 1.2 Genes involved in the development of the anterior segment 

Gene Tissue of expression Mutation Human Phenotype 

PAX6 Lens placode, retina, lens, cornea, 

forebrain, olfactory system, 

cerebellum, and pancreas 

LOF, missense, 

complex 

rearrangement and 

regulatory 

Aniridia, PA, ARS, 

coloboma, 

cataract, and 

keratitis 

RAX Optic cup and vesicle, neural retina, 

and brain 

LOF and missense MCOP/anophthalm

ia 

SOX2 Lens placode, lens pit, optic cup, 

neural retina, lens, brain, and ear 

LOF and missense MCOP/anophthalm

ia 

SIX3 Lens placode, lens pit, optic cup, 

neural retina, and brain 

LOF and missense Holoprosencephal

y and ocular 

coloboma 

SHH Optic stalk, brain, neural tube, 

limbs, branchial arches, gut, and 

tongue 

LOF, missense, 

complex 

rearrangement and 

regulatory 

Holoprosencephal

y and ocular 

coloboma 

PITX2 Periocular and anterior eye 

mesenchyme, umbilicus, heart, gut, 

dental epithelia, limb bud, and 

pituitary 

LOF, missense, 

complex 

rearrangement and 

regulatory 

ARS, PA, and IRD 

PITX3 Anterior eye mesenchyme and 

pituitary 

Missense and 

regulatory 

Cataract and 

ASMD 

FOXC1 Nearly ubiquitous, but periocular 

and pre-endothelial mesenchyme, 

sclera, cornea, adult trabecular 

meshwork, and conjunctival 

epithelium 

LOF, missense, and 

complex 

rearrangement 

ARS, PA, IRD, and 

aniridia 

FOXE3 Lens placode, lens and forebrain LOF and missense PA, ASMD, 

cataract 

EYA1 Nasal placode, kidney, ear, 

branchial arches, and eye 

LOF and missense BOR, cataract 

MAF Lens, lens placode, lens vesicle, 

and cerebellum 

Missense Cataract 

VSX2 Neural retina, brain and spinal cord LOF and missense MCOP and 

coloboma 

MITF RPE, optic vesicle, neural crest 

cells, brain and heart 

LOF and missense Waardenburg 

syndrome 

PAX2 Optic cup, nerve and stalk, retina, 

brain, ear, and kidney 

LOF Renal coloboma 

syndrome 

MSX1 Optic cup, heart, limbs, and tooth 

 

LOF and missense Ectodermal 

dysplasia, tooth 

agenesis 

MSX2 Optic vesicle, cornea, branchial 

arches, limb, tooth, and brain 

LOF and missense Cranial 

malformations  

OTX1 Optic cup, nerve and stalk, retina, 

RPE, and brain 

ND ND 

VSX1 Retina and cornea Missense  KC 

LMX1B Nearly ubiquitous, also in periocular 

mesenchyme 

LOF and missense Nail-patella 

syndrome 

FOXC2 Periocular mesenchyme, heart, 

kidney, and brain 

LOF, missense, and 

complex 

rearrangement 

Lymphedema-

distichiasis 

syndrome 

MEIS1 Optic cup, lens placode, limbs, and 

heart 

ND ND 

MEIS2 Optic cup, lens placode, limbs, and 

heart 

ND ND 
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BMP4 Optic vesicle, branchial arches, ear, 

brain, limb, heart, and gut 

LOF, missense, and 

regulatory 

Syndromic 

microphthalmia 

BMP7 Cornea, notochord, heart, kidney, 

bone, branchial arches, ear, brain, 

and lung 

ND ND 

LTBP2 Trabecular meshwork, Descemet’s 

membrane and in the lens capsule, 

non-pigmented epithelium of the 

ciliary body, cornea, lung and 

skeletal muscle 

LOF and missense PCG, PCG with 

marfanoid 

features, and 

WMS3 

WNT2B Optic cup, ovary, brain, and lung ND ND 

WNT5A Optic cup ND ND 

JAG1 Optic vesicle, optic cup, branchial 

arches, and pancreas 

LOF, missense, and 

complex 

rearrangement  

Alagille syndrome 

1 and tetralogy of 

Fallot 

CYP1B
1 

Nearly ubiquitous, also in iris, 

trabecular meshwork, and ciliary 

body 

LOF, missense, and 

regulatory 

PCG 

The following abbreviations are used: ARS, Axenfeld-Rieger syndrome; ASMD, Anterior 

segment mesenchymal dysgenesis; BOR, branchio-oto-renal syndrome; IRD, 

iridogoniodysgenesis; KC, keratoconus; LOF, loss of function; MCOP, microphthalmia; 

MGC1, X-linked megalocornea; ND, not determined PA, Peters anomaly; PCG, primary 

congenital glaucoma; PCG-MF, primary congenital glaucoma with Marfanoid features; RPE, 

retinal pigmented epithelium; WMS3, Weill-Marchesani syndrome 3 (modified from Davis-

Silberman & Ashery-Padan 2008; Graw 2003). 

 

 

1.2 ANTERIOR SEGMENT DYSGENESIS (ASD) 

Anterior segment dysgeneses (ASDs) comprise of a group of developmental 

conditions affecting the structures in the anterior segment of the eye, including the 

cornea, iris and the lens. The space between tissues of the anterior segment is filled 

with aqueous humour (AH), which is produced by the non-pigmented epithelial 

(NPE) cells in the ciliary body, to provide nutrients to the anterior segment. The 

regulation of the flow of AH is important, as it maintains intraocular pressure (IOP). 

Most ASDs are caused by maldevelopment of anterior segment structures, which in 

turn disturbs the outflow of AH, resulting in the accumulation of AH in the anterior 

chamber. This leads to raised IOP, which results in an increased risk of developing 

glaucoma. Thus, approximately 50% of ASD patients suffer from visual loss as a 

result of glaucoma (Sowden 2007; Reis and Semina 2011; Ito and Walter 2014). 

 

ASD is genetically and phenotypically heterogeneous with overlapping features 

shared between different conditions (Sowden 2007). Thus, attempts have been 

made to classify ASD into distinct categories. For example, classification based on 

the embryonic origin of the affected tissues has been proposed, in which ASD is 
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divided into ASD-neural crest (ASDnc) and ASD-non neural crest (ASDnon-nc). ASDnc 

includes developmental anomalies of the cornea, iris and angle, which are likely 

caused by aberrant neural crest cell migration or differentiation during development, 

whereas ASDnon-nc comprises ASDs which primarily affect tissues derived from non-

neural crest cells, for example the posterior iris, which is derived from 

neuroectodermal cells (Idrees et al. 2006). 

 

However, the more common use of an ASD classification system is based on 

defining the features presented by patients. The ocular features commonly 

associated with ASD are illustrated in Figure 1.9, which include corneal defects 

(enlarged or reduced corneal diameter, corneal opacity and corneal vascularisation), 

iris anomalies (iris hypoplasia, iris transillumination, synechiae, and the presence of 

iris strands), lens abnormalities (ectopia lentis, cataract, and microspherophakia), 

pupil defects (corectopia and polycoria), and other features such as iridocorneal 

angle anomalies, posterior embryotoxon and coloboma (Sowden 2007; Reis and 

Semina 2011; Ito and Walter 2014).  

 

ASD usually presents as  a combination of the aforementioned ocular features, with 

overlapping features shared between different ASD conditions. However, the 

presence or absence of the defining features facilitates classification (Sowden 2007; 

Reis and Semina 2011; Ito and Walter 2014). For example, aniridia (MIM: 106210) 

is characterised by iris hypoplasia, corneal opacification, foveal hypoplasia, and 

cataract with or without other features (Jordan et al. 1992; Hingorani et al. 2012). 

Megalocornea (MGC1; MIM: 309300) is typified by congenital bilateral enlarged 

corneal diameters (≥13  mm  measured  after  the  age  of  two  years),  reduced  central  

corneal thickness, and a deep anterior chamber, without an increase in IOP (Meire 

1994). Secondary features may include arcus juvenilis, shagreen, lens and iris 

anomalies (Webb et al. 2012) (see chapter 3). In contrast, congenital increased IOP 

is a defining feature of primary congenital glaucoma (PCG), which is commonly 

associated  with  buphthalmos,  Haab’s  striae  and  optic  nerve  cupping  (Ali et al. 2009; 

Abu-Amero et al. 2011).  

 

In addition, ASD can also be associated with a wide range of systemic features 

(Idrees et al. 2006; Ito and Walter 2014). Syndromic ASDs include Axenfeld-Rieger 

syndrome (ARS) (Mears et al. 1998), megalocornea-mental retardation syndrome 

(MMR also known as Neuhäuser syndrome; MIM: 249310) (Neuhäuser et al. 1975), 

Gillespie syndrome (MIM: 206700) (Gillespie 1965), PCG with marfanoid features 
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(MIM: 251750) (Désir et al. 2010; Khan et al. 2011), Weill-Marchesani syndrome 3 

(WMS; MIM: 614819) (Haji-Seyed-Javadi et al. 2012) and Peters-plus syndrome 

(MIM: 261540) (van Schooneveld et al. 1984). Systemic defects such as craniofacial 

dysmorphism, neurological anomalies, cardiac, dental, skeletal and muscular 

defects are associated with ocular phenotypes in these conditions (see chapter 4). 

 

ASD displays extensive genetic heterogeneity (Sowden 2007; Reis and Semina 

2011; Ito and Walter 2014). Aniridia is most commonly caused by heterozygous 

loss-of-function (LOF) mutations in PAX6 (paired box protein 6; MIM: 607108) 

(Jordan et al. 1992; Hingorani et al. 2012), although heterozygous mutations in 

FOXC1 (forkhead domain C1; MIM: 601090) have also been reported (Khan et al. 

2008). However, FOXC1 and PITX2 (pituitary homeobox 2; MIM: 601542) mutations 

are more commonly associated with ARS (Mears et al. 1998; Nishimura et al. 1998, 

2001; Phillips 2002). In addition, heterozygous mutations in FOXC1 and PITX2 have 

also been identified in some Peters anomaly cases (MIM: 604229) (Doward et al. 

1999; Nishimura et al. 2001), which can also be caused by mutations in CYP1B1 

(cytochrome p450, subfamily I, polypeptide 1; MIM: 601771) (Vincent et al. 2001) 

and PAX6 (Hanson et al. 1994). Mutations in three genes have been described to 

cause PCG; CYP1B1 (Abu-Amero et al. 2015), LTBP2 (latent transforming growth 

factor-beta-binding protein 2; MIM: 602091) (Ali et al. 2009; Narooie-Nejad et al. 

2009; Désir et al. 2010), and MYOC (myocilin; MIM: 601652) (Kaur et al. 2005). 

Mutations in LTBP2 have been associated with isolated PCG, PCG with Marfanoid 

features (Désir et al. 2010; Khan et al. 2011), and WMS (Haji-Seyed-Javadi et al. 

2012). 

 

The genetic and phenotypic heterogeneity of ASD is summarised in Table 1.3.  
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Figure 1.9 Ocular phenotypes associated with ASD. Images showing the range of ocular phenotypes observed in different forms of ASD 

affecting the cornea, iris, lens, pupil and angle. 
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Table 1.3 Genetic and phenotypic heterogeneity of ASD. 

Clinical 

phenotype 

HUGO gene 

CHRDL1 LTBP2 CYP1B1 MYOC FOXC1 PITX2 PAX6 PITX3 FOXE3 BMP4 SIX3 B3GLCT SHH Others 

MGC1 (Webb et 
al. 2012) 

(Désir et 
al. 2010) 

            

PCG  (Ali et al. 
2009) 

(Azmanov 

et al. 2011) 

(Kaur et al. 
2005) 

(Nishimura 

et al. 1998) 

         

IRD     (Mears et 
al. 1996) 

(Kulak et 
al. 1998) 

        

Aniridia     (Khan et 
al. 2008) 

 (Jordan et 
al. 1992) 

       

ARS     (Mears et 
al. 1998) 

(Phillips 

2002) 

(Riise et al. 
2001) 

       

PA   (Vincent et 
al. 2001) 

 (Nishimura 

et al. 2001) 

(Elliott et 
al. 1985) 

(Hanson et 
al. 1994) 

       

Peters-plus            (Lesnik 

Oberstein 

et al. 2006) 

  

Coloboma       (Azuma et 
al. 2003) 

       

MCOP         (Reis et al. 
2010) 

(Reis et al. 
2011) 

   
a 

MCOPCB           (Wallis et 
al. 1999) 

 (Bakrania 

et al. 2010) 
b 

PCG-MF  (Désir et 
al. 2010) 

            

WMS3  (Haji-

Seyed-

Javadi et 
al. 2012) 

            

ASMD        (Semina et 
al. 1998) 

(Semina et 
al. 2001) 

     

ARS, Axenfeld-Rieger syndrome; ASMD, Anterior segment mesenchymal dysgenesis; IRD, iridogoniodysgenesis; MCOP, microphthalmia; MCOPCB, microphthalmia and coloboma; 

MGC1, X-linked  megalocornea;;  PA,  Peter’s  anomaly;;  PCG, primary congenital glaucoma; PCG-MF, primary congenital glaucoma with Marfanoid features; WMS3, Weill-Marchesani 

syndrome 3; Others- a: SOX2, RAX, and VSX2; b: GDF3, GDF6, ABCB6, TENM3, VSX2, and CHX10.  
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1.2.1 Non-syndromic ASD  

1.2.1.1 Megalocornea  

Megalocornea is most commonly inherited as an X-linked condition (MGC1; MIM: 

309300). However, autosomal dominant and recessive forms of megalocornea 

(MIM: 249300) have also been reported but they are still poorly understood. To date, 

only a few families with an autosomal form of megalocornea have been reported in 

the literature without detail of their clinical features. The genetic cause of autosomal 

forms of megalocornea is still unknown (Meire 1994; Ho and Walton 2004). 

Megalocornea can present as an isolated abnormality (see chapter 3), or associated 

with other systemic defects such as those described in patients diagnosed with 

megalocornea-mental retardation (MMR) syndrome (Neuhäuser et al. 1975), 

Axenfeld-Rieger syndrome (ARS) (Whitehead et al. 2013) and Frank-ter-Haar 

syndrome (FTHS) (ter Haar et al. 1982; Frank et al. 1973) (see chapter 4). 

 

X-linked megalocornea (MGC1) is a bilateral non-progressive congenital anterior 

segment developmental disorder, in which the corneal diameter (horizontal white-to-

white, HWTW measurement)  is  ≥12  mm  in  newborns  up  to  2  years  old  and  ≥13  mm  

after the age of 2 years, without an increase in intraocular pressure (IOP). In 

addition to abnormally large corneas, other features include a strikingly deep 

anterior chamber and reduced central corneal thickness (CCT) (Meire 1994). 

Corneal opacity is not a feature in young MGC1 patients, although adult-onset 

mosaic corneal dystrophy (shagreen) may occur later in life but this feature does not 

interfere with vision (Ho and Walton 2004). Other secondary features may include 

iris transillumination, anterior pigment dispersion, iridodonesis and lens subluxation. 

In addition, adult MGC1 patients tend to develop presenile cataracts, usually by the 

5th decade (Meire 1994; Webb et al. 2012). Carrier females are unaffected. Normal 

morphology and cell density of corneal endothelial cells in affected males suggests 

that excessive growth of the cornea occurs concurrently with an increased number 

of corneal endothelial cells (hyperplasia) (Skuta et al. 1983).  

 

Hemizygous mutations in CHRDL1 (chordin-like 1; MIM: 300350) have been 

identified as the genetic cause of MGC1 (Webb et al. 2012) (see chapter 3).  
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Figure 1.10 Clinical images of MGC1 patients. (A) Bilateral enlarged corneal 

diameter (B) Image showing arcus juvenilis (black arrow). White arrowhead 

indicates gap in the iris after surgical iridectomy. (C) Arrowhead indicates the 

presence of shagreen (mosaic corneal degeneration). (D) Retroillumination image 

showing iris transillumination. (E) Optical coherence tomography (OCT) shows 

reduced central cornea thickness (440 µm) (red arrow) and deep anterior chamber 

(6.38 mm) (F) Deep anterior chamber (red arrows) is apparent on ultrasonography 

(Ho and Walton 2004; Idrees et al. 2006; Webb et al. 2012). 
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1.2.1.2 Primary congenital glaucoma (PCG) 

Primary congenital glaucoma (PCG) is a rare autosomal recessive genetically 

heterogeneous condition, typified by increased   IOPs,   breaks   in   Descemet’s  

membrane (Haab’s striae), corneal oedema, optic nerve head cupping, and 

enlarged globes (buphthalmos) caused by obstruction of aqueous humour outflow 

from the anterior segment (Meire 1994; Azmanov et al. 2011). It is the most 

common childhood glaucoma, with a wide range of prevalence of 1 in 30,000 to 1 in 

1,250, depending on ethnicity (Azmanov et al. 2011). 

Autosomal recessive PCG has been associated with mutations in CYP1B1 

(cytochrome p450, subfamily I, polypeptide 1; MIM: 601771) (Azmanov et al. 2011), 

LTBP2 (latent transforming growth factor-beta-binding protein 2; MIM: 602091) (Ali 

et al. 2009; Azmanov et al. 2011) and MYOC (myocilin; MIM: 601652) (Kaur et al. 

2005). To date, a total of 164 CYP1B1 mutations have been reported, which include 

missense, small deletions/insertions, small indels, gross deletions/insertions, and 

regulatory mutations (HGMD). Digenic inheritance of PCG has also been reported, 

where a patient was found to carry heterozygous mutations in CYP1B1 and MYOC 

(Kaur et al. 2005). However, MYOC mutations are more commonly associated with 

juvenile- or adult-onset primary open angle glaucoma (POAG) (GLC1A, MIM: 

137750) (Fingert et al. 1999).  

 

In contrast to CYP1B1 mutations-causing PCG, some patients with recessive 

LTBP2 mutations present with glaucoma secondary to congenital megalocornea 

associated with microspherophakia and ectopia lentis (Désir et al. 2010; Khan et al. 

2011). In addition, mutations in LTBP2 have also been associated with PCG with 

Marfanoid features (Désir et al. 2010; Khan et al. 2011) and WMS (Haji-Seyed-

Javadi et al. 2012) (see chapter 4). 
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1.2.1.3 Aniridia 

Aniridia  (MIM:  106210),  inconsistent  with  its  name  (‘absence  of  iris’),  is  a  panocular  

ASD, characterised by iris hypoplasia, progressive corneal opacification, foveal 

hypoplasia and cataract. The iris phenotype can range from barely noticeable to 

complete absence of the iris. More than 90% of aniridia cases are caused by 

heterozygous loss-of-function (LOF) mutations in PAX6 (paired box protein 6; MIM: 

607108) (Jordan et al. 1992; Hingorani et al. 2012). However, aniridia has also been 

associated with mutations in FOXC1 (Khan et al. 2008) (Table 1.3).  

 

Although aniridia commonly presents as an isolated condition, it can also be 

associated with systemic defects, such as WAGR (Wilms tumour, aniridia, 

genitourinary anomalies, and mental retardation syndrome; MIM: 194072), which is 

caused by a microscopic deletion of chr11p13 encompassing WT1 (MIM: 607102) 

and PAX6, and Gillespie syndrome (MIM: 206700), which is associated with 

mutations in ITPR1 (see section 1.2.2.3) (McEntagart et al. 2016).  

 

1.2.1.4 Coloboma 

Coloboma is a congenital developmental defect that can affect any ocular tissue. It 

is typified by a gap or absence of tissue, resulting from aberrant closure of the optic 

fissure. Coloboma can be unilateral or bilateral, and it can affect one or multiple 

structures of the eye from the iris to the optic nerve. Coloboma is commonly 

associated with microphthalmia or anophthalmia (MCOPCB), for which multiple 

genetic causes have been identified that can be transmitted as an  autosomal 

dominant (AD) or recessive (AR) trait,  PAX6 (AD), SHH (AD), ABCB6 (AD), 

GDF3/6 (AD) and TENM3 (AR) (Table 1.3). 

 

In addition, coloboma has also been associated with systemic defects such as 

CHARGE syndrome (coloboma, heart anomaly, choanal atresia, intellectual 

disability, genital and ear anomalies; MIM: 214800) caused by heterozygous 

mutations in SEMA3E and CHD7, and Baraitser-Winter syndrome (BRWS1; MIM: 

243310), caused by heterozygous mutations in ACTB. 
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1.2.1.5 Microphthalmia/anophthalmia 

Microphthalmia and anophthalmia (MIM: 251600), as suggested by their names, 

mean reduction in the size of eyeball, and absence of the eyeball, respectively. It is 

debatable whether anophthalmia is clinically appropriate, as absence of the eyeball 

is rarely compatible with life. Thus, in clinical terms, anophthalmia represents 

extreme microphthalmia. Microphthalmia/anophthalmia are commonly associated 

with mutations in the master control genes, which are at the top hierarchy of eye 

development (see section 1.1.3; Table 1.2) . 

 

Microphthalmia is also commonly associated with coloboma (section 1.2.1.4; Table 

1.3); however, it has also been described in syndromic conditions, such as 

syndromic microphthalmia 6 (MCOPS6; MIM: 607932), which is caused by 

heterozygous mutations in BMP4 (MIM: 112262) (Bennett et al. 1991). MCOPS6 is 

characterised by bilateral micro/anophthalmia, craniofacial and brain anomalies, 

digital defects, underdeveloped external genitalia and hypoplastic kidneys.  

 

1.2.1.6 Peters anomaly 

Peters anomaly (MIM: 604229) results from a persistent lens stalk, that connects 

the lens vesicle and the surface ectoderm during early lens development, causing 

obstruction of vision due to corneal opacification (Pontoriero et al. 2009) (see 

section 1.1.2.2). Peters anomaly is a phenotypically and genetically heterogeneous 

condition, presenting a spectrum of ocular anomalies such as central corneal 

opacity,   absence   of   corneal   endothelium,   Descemet’s   membrane   defects,  

iridocorneal and corneolenticular attachments (Harissi-Dagher and Colby 2008). In 

addition, sclerocornea has also been described (Mataftsi et al. 2011). Both 

autosomal dominant and recessive modes of inheritance have been reported for 

Peters anomaly, which include recessive mutations in CYP1B1 (Vincent et al. 2001), 

and heterozygous mutations in PITX2 (Doward et al. 1999), FOXC1 (Nishimura et al. 

2001) and PAX6 (Hanson et al. 1994) (Table 1.3).  
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1.2.2 Syndromic ASD  

1.2.2.1 Megalocornea-mental retardation (MMR) syndrome 

 

Megalocornea can present as an isolated condition (see chapter 3), or associated 

with systemic defects. Megalocornea-mental retardation syndrome (MMR also 

known as Neuhäuser syndrome; MIM: 249310) (Neuhäuser et al., 1975) is a rare, 

phenotypically heterogeneous condition, characterised by megalocornea, 

intellectual disability (ID), hypotonia, seizures and  facial dysmorphism (Neuhäuser 

et al. 1975; Verloes et al. 1993; Meire 1994; Gutiérrez-Amavizca et al. 2013). 

 

A total of 39 cases have been reported to date (Gutiérrez-Amavizca et al. 2013), 

and the genetic cause is unknown. It has been proposed that MMR syndrome is an 

autosomal recessive condition due to the equal ratio of male and female patients 

(Verloes et al. 1993; Gutiérrez-Amavizca et al. 2013). The range of clinical 

manifestations observed in reported MMR syndrome cases are summarised in 

Table 1.4. MMR syndrome is further discussed in chapter four.  
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Table 1.4 Clinical features of MMR  

Characteristics Total 
Proportion of 

patients (%) 

Sex (M:F) 15:16  

Ocular   

    Megalocornea 35/35 100 

    Iris hypoplasia 7/20 35 

    Iridodonesis 4/21 19 

    Refractive errors 9/15 60 

Neurological   

    Intellectual disability 35/35 100 

    Motor retardation 35/35 100 

    Hypotonia 22/27 81 

    Seizures 17/27 63 

    Brain malformations 9/17 53 

    Dilated ventricles 6/16 38 

Craniofacial   

    Microcephaly 7/25 28 

    Macrocephaly 6/25 24 

    Frontal bossing 20/25 80 

    Palpebral down slant 8/15 53 

    Epicanthal fold 13/22 59 

    Hypertelorism 10/23 44 

    Broad nasal root 14/18 78 

    Micrognathia 19/35 54 

    High arched palate 9/35 26 

Osteoarticular   

    Joint hyperlaxity 10/35 29 

    Kyphossi/scoliosis 9/35 26 

Growth retardation 14/28 50 

Consanguinity 4/35 11 

Primary hypothyroidism 4/11 36 

Recurrent infection 8/32 25 

Cardiopathy 4/8 50 

Clinical information obtained from Balci  et  al.  2002;;  Barisić  et  al.  1996;;  Del  Giudice  et  al.  
1987; Derbent et al. 2004; Frank et al. 1973; Frydman et al. 2008; Gibbs et al. 1994; 

Grønbech-Jensen 1989; Margari et al. 2006; Mattos et al. 2010; Mukherjee & Juneja 2005; 

Naritomi et al. 1997; Neuhäuser et al. 1975; Raas-Rothschild et al. 1988; Tominaga et al. 

1999; Gutiérrez-Amavizca et al. 2013; Verloes et al. 1993 
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1.2.2.2 Axenfeld-Rieger syndrome (ARS) 

 

Axenfeld-Rieger syndrome (ARS) is one of the most well studied forms of ASD. 

ARS is a phenotypically and genetically heterogeneous autosomal dominant 

disorder, characterised by a spectrum of ocular phenotype including iris hypoplasia, 

anterior synechiae, posterior embryotoxon, corectopia, polycoria, with or without 

glaucoma and other systemic defects such as facial dysmorphism, cardiac, tooth, 

neurological anomalies and excessive umbilical skin (Figure 1.11) (Mears et al. 

1998; Nishimura et al. 1998, 2001; Phillips 2002).  

 

Heterozygous mutations in FOXC1 (Nishimura et al. 1998) and PITX2 (Semina et al. 

1996) have been associated with ARS. In addition, ARS has also been mapped to 

another locus on chr13q14, for which a causative gene is yet to be identified (MIM: 

601499) (Phillips et al. 1996). Functional studies have revealed that PITX2 acts as a 

negative regulator for FOXC1 transactivity. Loss of PITX2 function would therefore 

activate the repressed FOXC1 target genes (Berry et al. 2006). 

 

It has been proposed that ARS caused by mutations in PITX2 are more likely to be 

associated with systemic defects, compared to patients with FOXC1 mutations 

(Strungaru et al. 2007). However, a wide range of cerebellar and posterior fossa 

malformations and other neurological anomalies have been described in ARS 

patients with FOXC1 mutations (DeScipio et al. 2005; Aldinger et al. 2009). Thus, 

genotype-phenotype correlation for ARS remains unclear. 
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Figure 1.11 Clinical features of ARS. (A-C) Images showing variable severity of  

iris hypoplasia associated with ARS. (D) ARS patient presenting with facial 

dysmorphism (a prominent forehead, hypertelorism, low-set ears, epicanthal folds, 

bulbous nose, and micrognathia). (E) Microdontia and hypodontia. (F) Image shows 

the presence of redundant pre-umbilical skin (Lines et al. 2002; Martinez-Glez et al. 

2007; Strungaru et al. 2007). 
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1.2.2.3 Gillespie syndrome 

In addition to isolated aniridia, aniridia can present as a component of Gillespie 

syndrome (MIM: 206700), which is characterised by iris hypoplasia, fixed dilated 

pupils, congenital hypotonia, progressive cerebellar hypoplasia and ataxia. However, 

it has been debated whether aniridia is the correct term for the ocular phenotypes 

observed in Gillespie syndrome due to the distinguishable iris anomalies, 

characterised   by   ‘scalloping’   of   the   pupillary   edge,   fixed   dilated   pupils,   and  

persistent pupillary membrane, which suggest that the iris anomalies in Gillespie 

syndrome are more likely the results of maldevelopment of iris sphincter muscle and 

iris stroma. Furthermore, corneal opacification and foveal hypoplasia, that are 

defining features of aniridia, are absent in Gillespie syndrome patients (McEntagart 

et al. 2016). 

 

Heterozygous (McEntagart et al. 2016) and recessive mutations (Gerber et al. 2016) 

in ITPR1 (inositol 1,4,5-triphosphate receptor, type 1; MIM: 147265) have been 

reported to cause Gillespie syndrome (McEntagart et al. 2016). 

 

1.2.2.4 Peters Plus syndrome 

In addition to the characteristic ocular features in Peters anomaly (section 1.2.1.6), 

systemic defects including cleft palate, short stature, short limbs, mental and growth 

delay are associated with Peters-plus syndrome (MIM: 261540) (Wenniger-Prick 

and Hennekam 2002). Peters-plus syndrome is caused by recessive mutations in 

B3GLCT (β,   3-galactosyltransferase-like; MIM: 610308) (Lesnik Oberstein et al. 

2006) (Table 1.3).  
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1.3 CATARACT 

The organisation and arrangement of the lens fibre cells are critical for light 

transmission and maintaining lens transparency. The orderly organisation of lens 

crystallin proteins, which make up a large part of the lens, also plays an important 

role in regulating refraction and focusing light. Opacification of the lens is known as 

cataract, which can be caused by disturbed arrangement of the lens fibres, or 

accumulation of protein aggregates in the lens fibre cells, both of which cause 

changes in the refractive index, thereby causing increased scattering of light, which 

is the hallmark of cataractogenesis (Hejtmancik 2008).  

 

Although age-related cataract (developed in individuals over age 65 of years) is 

more common, congenital cataracts (CCs) represent one of the most common 

causes of treatable childhood blindness (Reddy et al. 2004; Hejtmancik 2008). 

Several classifications of CCs have been described including inheritance mode (X-

linked recessive, autosomal dominant, or autosomal recessive), and type of opacity 

(section 1.3.2) (Reddy et al. 2004).  

 

1.3.1 Congenital cataracts (CCs) 

CCs have a prevalence of 2-4 per 10,000 births in the United Kingdom, at least 50% 

of which are inherited (Francis and Moore 2004; Gillespie et al. 2014). The majority 

of CCs are inherited as an autosomal dominant condition, although X-linked and 

autosomal recessive CCs have also been reported. Mutations in the crystallin genes 

are the most common cause, followed by connexins, and other genes implicated  

code for structural, transport proteins and transcription factors (Reddy et al. 2004; 

Hejtmancik 2008).  

 

The crystallins make up approximately 90% of the soluble protein in the vertebrate 

lens and are divided into three main classes, α,   β,   and   γ-crystallins. α-crystallins 

provide structural support for the lens and are also members of the small heat shock 

protein family, with chaperone activity. Heterozygous mutations in CRYAA and 

CRYAB,  which  encode   two  subunits  of  α-crystallin are associated with autosomal 

dominant nuclear cataract and posterior polar cataract, respectively (Litt et al. 1998; 

Berry et al. 2001). Mutations  in  genes  encoding  β- and  γ-crystallins result in variable 

autosomal dominant CCs including pulverulent, cerulean, nuclear and lamellar 
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cataracts (Litt et al. 1997; Mackay et al. 2002; Santhiya et al. 2002). Different 

cataract phenotypes are described in section 1.3.2. 

 

The second most common cause of autosomal dominant CCs are mutations in the 

connexin genes. Connexins are the structural proteins that form intercellular gap 

junctions (Goodenough 1992). Mutations in GJA3 (also known as CX46) and GJA8 

(also known as CX50) cause autosomal dominant nuclear pulverulent CCs (Berry et 

al. 1999; Mackay et al. 1999). In addition, mutations in genes encoding transcription 

factors, which have a regulatory role during ocular development such as PAX6, 

PITX3, MAF, FOXE3 and HSF4 as well as genes encoding other structural proteins 

such as MIP, EPHA2, EPHA5, and BFSP2 also cause autosomal dominant CCs 

(Semina et al. 1998; Bu et al. 2002; Jamieson et al. 2002; Cvekl and Ashery-Padan 

2014).  

 

Autosomal recessive and X-linked cataracts are less common. Genes that have 

been associated with autosomal recessive CCs include LIM2 (Pras et al. 2002), and 

GCNT2 (Yu et al. 2003).  Recessive mutations in GCNT2 (glucosaminyl N-acetyl 

transferase 2, i-branching enzyme; MIM: 600429) are also associated with a rare 

adult i blood phenotype (Yu et al. 2003) (see chapter 6). Mutations in the NHS gene 

are known to cause X-linked CCs and Nance-Horan syndrome (NHS) (Coccia et al. 

2009) (see chapter 6).  

 

In addition to the presentation of CC as an isolated phenotype, CC is often 

associated with various systemic defects. Isolated and syndromic X-linked cataracts 

are discussed in detailed in chapter 6.  

 

1.3.2 Types of cataract 

CCs can also be classified based on the presenting lens phenotype and the sub-

region in the lens where the opacity occurs (Figure 1.12) (Reddy et al. 2004). 
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Figure 1.12 Lens structures and classification of cataracts. (A) There are three 

main layers in a lens, from the outermost to the innermost: the cortex layer, the 

foetal nucleus and the embryonic nucleus. (B) Clinical classification of inherited 

cataract according to the region affected and type of opacity is shown (adapted from 

Reddy et al. 2004). 

 

Nuclear cataract refers to opacification within the embryonic or foetal nucleus of the 

lens. Nuclear cataract can present as pulverulent, blue dots or solid confluent 

opacification of the lens nucleus. In addition, Y-sutural (Figure 1.4B) opacity is also 

a subset of nuclear cataract. The need for surgery depends on the severity of the 

opacity. Complete nuclear cataract usually requires surgery soon after birth. Nuclear 

cataract frequently presents in affected males with Nance-Horan syndrome (NHS) 

(Coccia et al. 2009). The terms Coppock-like cataract and Coppock cataract arise 

from the attempts at differentiating lens opacities affecting the embryonic nucleus 
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and foetal nucleus, respectively. Total cataract affects all nuclear and cortex layers 

of the lens, which usually requires surgery soon after birth.  

 

Sutural cataract is a form of cataract affecting either the posterior or anterior sutures 

(see Figure 1.4). This type of cataract is usually associated with other lens 

opacities; however, it has also been described as a typical cataract phenotype in 

Nance-Horan syndrome female carriers (Coccia et al. 2009) (see chapter 6). 

 

Lamellar cataract is lens opacity affecting the lamellae layer of the lens. Lamellae 

comprise of concentric secondary lens fibre cells, which surround the embryonic 

nucleus. Lamellar cataracts represent a transient developmental defect as the 

layers sandwiching the lamellae, the nucleus of the lens and newly formed cortex 

layer, are not affected. 

 

Cortical cataract is lens opacity affecting  the  ‘young’  secondary  lens  fibre cells in the 

outer cortex. They usually present as a small opaque patch at the periphery. Thus, 

cortical cataract typically do not significantly affect visual acuity.   

 

Pulverulent or aceuliform or cerulean cataracts usually affect both the nucleus and 

cortex of the lens; however, they can be differentiated by their distinctive 

morphology. Pulverulent is typified by a dust-like form, which may affect all parts of 

the lens. Aceuliform presents as needle-like projections from the nucleus to the 

anterior or posterior cortex; whereas cerulean can be distinguished by its distinctive 

pinhead-shaped blue-white dot appearance. Cerulean cataract is typically 

asymptomatic at birth but develops in childhood.  
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Figure 1.13 Cataract phenotypes. (A) Anterior polar cataract (B) Posterior polar 

cataract (C) Nuclear cataract (D) Lamellar cataract (E) Pulverulent cataract (F) 

Aceuliform-like cataract (G) Cerulean cataract (H) Total cataract (I) Cortical cataract 

(J) Y-sutural cataract (adapted from  Reddy et al. 2004). 
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1.4 THE HUMAN GENOME  

This year marks 63 years after the discovery of DNA double helix structure by 

James Watson and Francis Crick in 1953. Since this discovery, enormous progress 

has been made, which includes generating the first sequencing techniques in 1977: 

Sanger sequencing (chain terminator sequencing) (Sanger et al. 1977) and Maxam-

Gilbert sequencing (chemical sequencing) (Maxam and Gilbert 1977), and 

publication of human mitochondrial genome sequence in 1981. This was later 

followed by the launch of Human Genome Project (HGP) in 1990, with the aim of 

mapping and sequencing the human genome, which culminated with the publication 

of the first draft of two human genome sequences in 2001. This paved the way for 

numerous ventures in human genome research.  

 

1.4.1 Genome sequencing 

After the publication of human genome (International Human Genome Sequencing 

Consortium 2001), other vertebrate genomes, including mouse (Mouse Genome 

Sequencing Consortium 2002), rat (Rat Genome Sequencing Consortium 2004), 

and chimpanzee (Chimpanzee Sequencing and Analysis Consortium 2005) have 

also been established to enable comparative analysis. To date, a total of 

approximately 250 eukaryote genomes have been published (Lander 2011).  

 

1.4.1.1 First generation sequencing 

Sanger sequencing and so called ‘shotgun’ sequencing were used for the HGP to 

establish the first sequence of the human genome (International Human Genome 

Sequencing Consortium 2001). In shotgun sequencing, genomic DNA is fragmented 

enzymatically or mechanically into small fragments, followed by cloning of the 

fragments into vectors, and sequencing of each clone. Then, alignment and 

reassembly of the fragments based on the overlapping sequence is performed to 

generate the complete sequence (Venter et al. 2003). The first draft of human 

genome was far from perfect as it covered only 90% of the human genome with a 

large number of gaps (~250,000) and sequencing errors. The quality of human 

genome sequence was later improved by additional cloning and assembly, that 

resulted in 99.7% coverage with only ~300 gaps throughout the genome. This has 

since been used as the human reference sequence (build 35) (International Human 

Genome Sequencing Consortium 2005).  
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Due to the high cost and time-consuming process of first generation sequencing, 

the development of high-throughput next generation sequencing (NGS; also known 

as massively parallel sequencing) was introduced, which has considerably reduced 

the cost of sequencing and increased sequencing output (Zhang et al. 2011).  

 

1.4.1.2 Next generation sequencing (NGS) 

The principle of shotgun sequencing paved the way for the development of next 

generation sequencing (NGS). Sequencing technology shifted from electrophoretic 

methods to in situ sequencing using a two-dimensional optical imaging system. This 

technology enables parallel sequencing of ~109 templates (107 fold more than the 

previous method), which gives rise to its name- ‘massively   parallel   sequencing’.  

This sequencing technique has reduced processing time and sequencing cost 

(Lander 2011).  

 

An early application of NGS was to define the epigenome, to provide better 

understanding of epigenetic chromatin modification or regulatory regions that bind 

transcription factors using approaches such as chromatin immunoprecipitation-

sequencing (ChIP-Seq) (Mikkelsen et al. 2007). However, as the technique 

continued to improve, it also facilitated rapid progress in defining human genetic 

variants or mutations associated with human diseases. Different NGS approaches 

have been developed, including whole genome sequencing (WGS), whole exome 

sequencing (WES), and RNA sequencing (RNA-Seq). 

 

NGS is accomplished by breaking the entire genome into small fragments, followed 

by the ligation of adapters to the DNA fragments to enable random reads during the 

synthesis process, which gave the process its name of ‘sequencing–by-synthesis’.    

The drawback of this technique is the short sequence reads (~100 bases). The 

short-read sequences are then assembled and aligned to the human reference 

sequence. As NGS produces short reads, sufficient coverage is very important to 

ensure correct assembly of the sequences. Coverage is the number of times a 

certain nucleotide within a genomic region is represented in the overlapping short 

reads. A minimum of 30X coverage is usually recommended for identifying rare 

variants in the human genome (Zhang et al. 2011). Since the establishment of NGS 

technology, several NGS platforms have been made available commercially, with 

three dominating services provided by Illumina, Roche and ABI (Applied Biosystem), 

which provide different read lengths and error rates. With the increased number of 
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emerging commercial platforms, the cost for NGS services has been substantially 

reduced. Whole-genome sequencing (WGS) is the determination of the entire 

genome sequence of an organism. However, WGS generates huge amounts of data, 

which require considerable time and labour to analyse. In addition, the functions of 

intergenic regions are still poorly understood, such that interpreting the significance 

of variants presents challenges (Teer and Mullikin 2010). The challenges and issues 

in WGS are discussed in chapter 7. 

 

It has been proposed that 85% of human disease-causing mutations are located in 

the exons (Choi et al. 2009), and exons constitute only about 1% of the human 

genome. Thus, whole exome sequencing (WES), which only targets and sequences 

protein-coding regions (exons), non-coding exons (e.g. untranslated regions UTRs) 

and genes encoding functional RNAs such as lncRNA (long non-coding RNAs) and 

miRNAs (micro-RNAs) of the genome provides an alternative cost-effective way to 

analyse human sequence (Teer and Mullikin 2010). In order to perform WES, 

targeted DNA enrichment techniques are required. This targeted sequence 

enrichment method requires only approximately 5% of the data acquisition that 

would be required for WGS, and therefore improves the overall cost and processing 

time (Teer and Mullikin 2010). Different targeted capture methods have been 

described, with microarray-based or solution-based hybridisation being the most 

common techniques. Figure 1.14 illustrates the procedures employed in microarray-

based and solution-based hybridisation methods. Some of the more commonly used 

commercial kits for array and solution-based targeted capture include Agilent's 

SureSelect and NimbleGen's SeqCap/EZ Exome, followed by paired-end 

sequencing. 

 

In addition, NGS techniques have been used to sequence RNA transcripts to 

generate  a  ‘transcriptome’  of  the  cell  or  tissue  of  interest.  RNA is isolated, followed 

by massively parallel sequencing, similar to DNA NGS. RNA-Seq provides 

transcriptome profiling, which is extremely useful for understanding gene expression, 

investigating splice junctions to identify novel isoforms, and also the effects of point 

mutations that lie within non-coding regions of the genome, such as promoter 

sequences, which can influence gene expression (Wang et al. 2009).   
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Figure 1.14 Exome targeted capture methods. Light blue bars indicate genomic 

sequence of interest and red bars indicate unwanted sequence. (A) Microarray-

based hybridisation. Fragmented genomic DNA is added to a pool of bait probes 

(striped bars) that are synthesised on a microarray, and are complementary to the 

desired sequence. The desired fragments hybridise to the complementary bait 

probes and the array is washed to remove unbound DNA fragments. Finally, the 

desired fragments are eluted and processed for sequencing. (B) Solution-phase 

hybridisation. A pool of bait probes (striped bars) complementary to the genomic 

sequence of interest are synthesised and hybridised in solution to the desired 

fragments. The probes are labelled (asterisk indicates the biotinylated probes) and 

when the desired fragments hybridise to complementary baits in solution, addition of 

streptavidin beads (black circles) enables purification of the fragments of interest. 

The beads are then removed and the desired DNA is eluted and processed for 

sequencing (adapted from  Teer & Mullikin 2010). 
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1.4.1.2.1 Implications of NGS on understanding the human genome and 

diseases 

The development of NGS has undoubtedly revolutionised genetic research over the 

past decade, and has improved our understanding of the human  genome, evolution, 

and disease.  

 

In 2003, the ENCODE (Encyclopaedia of DNA Elements) project was launched to 

discover functional elements in the genome beyond protein-coding genes, such as 

transcription factor binding sites, enhancers and promoters, chromatin structures, 

and histone modification sites. Different methods have been developed and 

employed to map these functional elements, which includes ChIP-Seq and DNase-

Seq (for transcription factor binding sites, TFBS), formaldehyde assisted isolated of 

regulatory elements (FAIRE-Seq), DNase-Seq (for chromatin structure), and RNA-

Seq (for RNA transcribed region) (ENCODE Project et al. 2012). The functional 

elements and gene transcripts catalogued by ENCODE, coupled with increasing 

datasets from RNA-Seq analyses has provided a wealth of information on gene 

expression. In addition, approximately 6% of the human genome was found to be 

under negative selection (Lindblad-Toh et al. 2011), whereas ~1.5% of the human 

genome consists of protein-coding regions, thus suggesting that conserved non-

coding genomic elements may be functional. More importantly, the combination of 

RNA-Seq data with information about regulatory elements such as chromatin 

structures and TFBSs made it possible to interpret which non-coding functional 

elements regulate gene expression (ENCODE Project et al. 2012). In addition to 

RNA-Seq data published by ENCODE, Illumina has also launched the BodyMap 

Project, consisting of RNA-Seq data from 16 human tissue types, which enables the 

study of gene expression in different human tissues and facilitates identification of 

potential tissue-specific gene transcripts.  

 

NGS has propelled the progress of sequencing a substantial number of human 

genomes, which now provides information about the normal variation observed in 

human genomes. The 1000 Genomes Project, had the objective to identify common 

genetic variants with a minor allele frequency (MAF) of at least 1% across the 

genome, or >0.1% in protein-coding regions in the general population (The 1000 

Genomes Project et al. 2010). The ability to differentiate common genetic variants 

from disease-associated mutations has benefited the study of inherited human 

disease. In addition to the 1000 Genomes Project, several projects led by different 
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consortiums, which catalogue common exonic variants, have been established. For 

example, the National Heart, Lung, and Blood Institute (NHLBI) Exome Sequencing 

Project Exome Variant Server (EVS), and the Exome Aggregation Consortium 

(ExAC) database, which is a coalition of datasets of approximately 60,000 

individuals pooled from different databases including those generated by NHLBI 

EVS. The establishment of these common variant databases has accelerated the 

identification of variants or mutations associated with, or causing, inherited human 

diseases.  

 

In addition to single nucleotide variants (SNVs) identified using NGS techniques, 

common structural variants (SVs) have also been identified in control individuals. 

The improvement of genomic technologies of increased resolution has also 

revealed the contribution of SVs to human diseases (Lee and Scherer 2010), which 

resulted in establishing the Database of Genomic Variants (DGV). To date, DGV 

comprises of >2.5 million entries of common SVs identified from 55 published 

studies using different genomic techniques (mainly high-resolution microarrays and 

NGS) (MacDonald et al. 2014).  

 

Thus, over the past decade, NGS has revolutionised our understanding of genomic 

architecture, gene transcription, evolutionary conservation, and inherited diseases. 

Many databases now exist that collate specific information on human diseases, 

phenotypes, animal models, common variants, and no doubt more databases will 

continue to be developed.  
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1.5 AIMS OF THIS PROJECT 

The objective of this study was to improve our understanding of the genes and 

pathways involved in eye development by investigating the genetic causes of a 

range of developmental eye anomalies affecting the cornea, iris and/or lens. 

Another objective was to aid clinical diagnosis of these conditions through genetic 

studies, by determining phenotypic heterogeneity, or homogeneity, associated with 

specific disease genes. 
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2 Materials and Methods 

2.1 MATERIALS 
All reagents were purchased from Applied Biosystem (UK), Bioline (UK), BioRad 

(UK), Kapa Biosystems (USA), Life Technologies SC (UK), MWG Biotech 

(Germany), New England Biolabs (NEB) (UK), Promega (USA), Qiagen (UK), 

unless stated otherwise. 

 

2.1.1 Reagents and buffers 
 

Table 2.1 Reagents and buffers 

Reagents Composition 

2× Laemmli buffer (Laemmli 
1970) 

0.125 M Tris-HCl (pH 6.8), 4% (w/v) SDS, 20% (v/v) 
glycerol, 4 mg of bromophenol blue, and 4% (v/v) β-
mercaptoethanol 

5× Laemmli buffer  
0.313 M Tris-HCl (pH 6.8), 10% (w/v) SDS, 50% (v/v) 
glycerol, 10 mg of bromophenol blue, and 10% (v/v) β-
mercaptoethanol 

Ampicillin IPTG/X-gal plate 
500 µl of X-gal (20 mg/ml) and 500 µl of IPTG (100 mM) 
added to 500 ml of LB agar, supplemented with ampicillin 
at a final concentration of 50 µg/ml. 

ICC blocking buffer 
3% (w/v) bovine serum albumin (BSA), 10% (v/v) donkey 
serum in 1× PBS 

IP wash buffer 
500 mM NaCl, 10 mM sodium phosphate (pH 7.0), 1% 
(v/v) Triton™ X-100 (Sigma) in 1× PBS 

Kinase lysis buffer (KLB)  
150 mM NaCl, 10 mM sodium phosphate (pH 7.0), 1% 
(v/v) Triton™ X-100 (Sigma) in 1× PBS 

Luria-Bertani (LB) broth/agar 
10 g of LB broth powder (Sigma) added to 500 ml of 
dH2O. 7.5 g of agar powder (Oxoid) was added to make 
LB agar 

SDS running buffer 
1 in 10 dilution of 10× Tris-glycine-SDS (0.25 M Tris, 1.92 
M glycine, and 1% SDS) buffer stock (National 
Diagnostics) with dH2O 

Western blot blocking buffer 
2.5 g of Marvel milk powder in 50 ml of 1× PBS Tween-
20® 

Western blot transfer buffer  
10 ml of methanol, 5 ml of 10× Tris-glycine, 500 µl of 10% 
SDS, top up to 50 ml with dH2O 

Western blot wash buffer (PBS 
Tween-20®) 

0.1% (v/v) Tween-20® (Sigma) in 1× PBS 
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2.1.2 Antibodies  
Table 2.2 Primary and secondary antibodies  

Antibody WB IP ICC 

Primary antibodies:    

Mouse anti-HA clone HA-7 (Sigma) 1:1000 1:200 1:1000 

Mouse anti-Myc clone 9E10 (Sigma) 1:500 1:200 NA 

Mouse anti-GFP clones 7.1 and 13.1 (Roche) NA 1:100 NA 

Rabbit anti-CCDC22 (Sigma HPA888) 1:1000 1:100 NA 

Mouse anti-GAPDH clone GAPDH-71.1 (Sigma) 1:40,000 NA NA 

Secondary antibodies:    

HRP-conjugated goat anti-mouse IgG (H+L) 

(Sigma) 
1:30,000 NA NA 

HRP-conjugated goat anti-rabbit IgG (H+L) 

(Sigma) 
1:30,000 NA NA 

Alexa Fluor® 488-conjugated goat anti-mouse 

IgG (H+L) (Life Tech., Cat. No.: A11001) 
NA NA 1:1000 

The following abbreviations are used: HRP, horseradish peroxidase; ICC, 

immunocytochemistry; IP, immunoprecipitation; NA, not applicable; WB, western 

blot 
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2.1.3 Plasmid constructs 
 
Table 2.3 Plasmid constructs used in this study 

Vector Insert 
Tag 

(terminal) 

Antibiotic 

resistance 
Source 

pEBB 
CCDC22 WT  

(1-627 aa) 
HA (N-) Ampicillin Prof. Ezra Burstein, USA 

pEBB CCDC22 T17A HA (N-) Ampicillin Prof. Ezra Burstein, USA 

pEBB CCDC22 T30A HA (N-) Ampicillin Prof. Ezra Burstein, USA 

pEBB CCDC22 R128Q HA (N-) Ampicillin Prof. Ezra Burstein, USA 

pEBB CCDC22 R321W HA (N-) Ampicillin Prof. Ezra Burstein, USA 

pEBB CCDC22 Y557C HA (N-) Ampicillin 
SDM from CCDC22 WT 

in this study 

pEBG CCDC22 1-320 aa GST (N-) Ampicillin Prof. Ezra Burstein, USA 

pEBB CCDC22 321-627 aa HA (N-) Ampicillin Prof. Ezra Burstein, USA 

pCMV Tag 3B NHS-1A (1-1651 aa) Myc (N-) Kanamycin Dr Simon Brooks 

pCMV Tag 3B NHS-WHD (1-262 aa) Myc (N-) Kanamycin Dr Simon Brooks 

pCMV Tag 3B NHS-Cter (492-1651) Myc (N-) Kanamycin Dr Simon Brooks 

pmCherry C1  NHS-1A 
mCherry 

(N-) 
Kanamycin - 

The following abbreviations are used: SDM, site directed mutagenesis; WHD, WAVE homology 

domain 
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2.1.4 DNA ladder and protein marker 

 

 
Figure 2.1 Quick-Load® 2-Log DNA ladder (0.1-10.0 kb) (NEB) 

 

 
Figure 2.2 Precision Plus Protein™ Dual Colour protein marker (BioRad) 
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2.2 METHODS 

2.2.1 Molecular biology techniques 

2.2.1.1 Polymerase chain reaction (PCR) 
All PCRs were carried out using an Eppendorf Mastercycler gradient PCR machine. 

The optimal annealing temperature for each primer pair was established by gradient 

PCR (section 2.2.1.1.2). 

 

2.2.1.1.1 Standard PCR 
A standard PCR protocol was as follows; initial denaturation at 95°C for 2 minutes, 

followed by 35 cycles of denaturation at 95°C for 30 seconds, annealing at optimal 

temperature for 30 seconds, extension at 72°C for 30 seconds, and a final extension 

at 72°C for 5 min. Table 2.4 shows a standard PCR setup using GoTaq® Green 

Master Mix (Promega). 

 

Table 2.4 Standard PCR setup using GoTaq® Green Master Mix 

Reagents Concentration or volume per reaction 

2× GoTaq® Green Master Mix 6.25 µl 

Forward primer  0.4 µM  

Reverse primer  0.4 µM  

DNA template  50 ng 

dH2O Top up to 12.50 µl 

 

KAPA2G Robust ReadyMix (Kapa Biosystems) was used to amplify GC-rich regions. 

The KAPA mix contains a DNA polymerase that was engineered for increased 

tolerance to PCR inhibitors, combined with an antibody that keeps the enzyme 

inactivated until the first denaturation step to inhibit non-specific priming. The 

protocol was as follows; initial denaturation at 95°C for 2 minutes, 35 cycles of 

denaturation at 95°C for 15 seconds, annealing for 15 seconds, extension at 72°C 

(30 seconds/kb), and a final extension at 72°C for 5 minutes. Table 2.5 shows a 

PCR setup using KAPA2G Robust ReadyMix. 
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Table 2.5 PCR setup using KAPA2G Robust ReadyMix 

Reagents 
Concentration or volume per 

reaction 

2× KAPA2G Robust ReadyMix 6.25 µl 

Forward primer  0.5 µM 

Reverse primer 0.5 µM 

DMSO 1 µl 

DNA template  50 ng 

dH2O Top up to 12.50 µl 

 

2.2.1.1.2 Gradient PCR 
Gradient PCR was used to determine the optimal annealing temperature of primer 

pairs. PCR was set up (Table 2.4 and Table 2.5) and that annealing temperatures 

were varied across the heat block on a PCR machine, from 6°C below the primer 

melting point (Tm) up to the Tm of the primer pair.  

 

2.2.1.1.3 Long range PCR 
Long range PCR was performed using BIO-X-ACT Long Mix (Bioline, UK) to amplify 

DNA fragments up to 20 kb. The protocol was as follows; initial denaturation at 94°C 

for 2 minutes, 30 cycles of denaturation at 94°C for 30 seconds, annealing for 30 

seconds, extension at 68°C (40 seconds/kb), and a final extension at 68°C for 20 

minutes. Long range PCR setup is shown in Table 2.6. 

 

Table 2.6 Long range PCR setup 

Reagents Concentration or volume per reaction 

2× BIO-X-ACT Long Mix 25 µl 

Forward primer  0.2 µM 

Reverse primer  0.2 µM 

DNA template  100 ng 

dH2O Top up to 50 µl 
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2.2.1.1.4 Nested PCR 
Nested PCR was used to increase specific amplification by reducing amplification 

from non-specific priming. Nested PCR consisted of two consecutive PCRs (Table 

2.4 and Table 2.5) using two different primer pairs. The first PCR product was used 

as the template in the second PCR, which used a primer pair internal to the first 

amplified region.  

 

2.2.1.2 Primer design and determination of optimal annealing 
temperature 

Primers were designed using the Primer3 version 4.0 (section 2.2.2.20) (Koressaar 

and Remm 2007; Untergasser et al. 2012) according to the following rules:  

A) Primer length of 18-24 mer to ensure specific binding  

B) Similar GC content of forward and reverse primers, preferably 40-60%.  

C) The optimal Tm of primers within the range of 52-59oC and small Tms 

difference (<5oC) between the primer pair. Primers with high Tm (≥65oC) 

tend to form non-specific annealing. The formula used to estimate the Tm of 

the primers was [Tm= 4(G+C)+2(A+T)]. The annealing temperature is 

usually 2-5oC lower than the Tm. 

D) Complementary primer sequences were avoided to prevent primer dimer 

formation.  

E) The presence of a C or G at the 3’ end of each primer to enhance specific 

binding.  

 

UCSC genome browser (section 2.2.2.26) was used to ensure the primer specificity 

and absence of any common single nucleotide polymorphisms (SNPs) within the 

primer binding sites. Primers used in this study are listed in Appendix A.  
 

2.2.1.3 Agarose gel electrophoresis 
In the presence of an electric current, negatively-charged DNA/RNA migrates to the 

positive electrode (migration speed depending on its size), which enables the 

separation of DNA fragments based on their sizes on an agarose gel. Agarose gels 

of different percentages were used depending on the predicted size of the DNA 

fragment(s); 0.8% (w/v) gel for DNA fragments >2 kb, 1% (w/v) gel for 1-2 kb, and 

2-3% (w/v) gel for <1 kb. Agarose gels were prepared by mixing an appropriate 

amount of agarose powder (Bioline, UK) with 1× TAE (Severn Biotech) in a conical 
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flask, followed by heating in a microwave until the agarose was dissolved. SafeView 

(NBS Biologicals) was used for nucleic acid staining at 4 µl/100 ml of gel, before 

pouring into a casting plate with a well comb. After the samples and DNA ladder 

were loaded, the gel was run at 90-120 V and visualised on a ChemiDoc Imaging 

System (BioRad). 
 

2.2.1.4 Purification of PCR products 
Purification of PCR products was performed to remove unincorporated dNTPs and 

primers to prevent interference with downstream analysis such as DNA sequencing 

and cloning. Two PCR purification methods were used in this study; PCR cleanup 

filter plate (Merck Milipore, UK) was used when the amplification produced only one 

product, or gel extraction of PCR products using the QIAquick Gel Extraction Kit 

(Qiagen). DNA fragments for cloning were also gel extracted.   

 

2.2.1.4.1 PCR product purification using filter plates 
Millipore's PCR filter plate (Merck, Milipore, UK) uses a size-exclusion membrane 

and vacuum filtration to purify the PCR products. The PCR products were made up 

to 100 µl with purified water, loaded on the filter plate, and filtered using a vacuum 

manifold (Merck, Milipore, UK) until all wells were dry. This step was repeated by 

washing with 30 µl of purified water. To elute the DNA, 25 µl of purified water was 

added into each well, vortexed gently for 10 minutes, and aspirated into a 1.5 ml 

microcentrifuge tube.  

 

2.2.1.4.2 Gel extraction  
Gel extraction was performed using a QIAquick Gel Extraction Kit (Qiagen) 

according to the manufacturer’s protocol. Briefly, the amplified product of interest 

was excised from the agarose gel under a UV transilluminator with a scalpel blade 

and placed into a 1.5 ml microcentrifuge tube. The gel was resuspended in 3 

volumes of Buffer QG (gel:buffer ratio 1:3) and 1 volume of isopropanol was added 

to precipitate the DNA. The mixture was then loaded onto a QIAquick spin column 

to bind the DNA to the column membrane, followed by on-column washing steps 

using 750 µl of Buffer PE and a final DNA elution in 30 µl of Buffer EB.  
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2.2.1.5 Sanger sequencing  
Sanger sequencing was provided by Source Bioscience (Cambridge, UK). Prior to 

Sanger sequencing, PCR products were purified (Section 2.2.1.4) and quantified 

using a NanoDrop 2000c (Thermo Scientific). Amplified products and plasmid DNA 

were adjusted to appropriate concentrations, approximately 1 ng/µl per 100 bp, and 

100 ng/ µl, respectively. A total volume of 5 µl per DNA sample and 5 µl of primer 

(3.2 pmol/µl) was required by the company for sequencing. 

 

2.2.1.6 Whole exome sequencing (WES) 
WES was performed for individuals who were diagnosed with disease of unknown 

genetic cause, or individuals who did not have mutations in known causative genes. 

A WES service was provided by Otogenetics Corporation (USA) with a turnaround 

time of approximately 6 weeks. The process involved genomic DNA preparation, 

exome enrichment, next generation sequencing (NGS), WES data generation and 

variant annotation.   

 

2.2.1.6.1 Genomic DNA sample preparation 
5 µg of quality genomic DNA (gDNA) (concentration 20-500 ng/µl; OD260/OD280 

≥1.80; OD260/OD230 ≥1.90) was required. Quantification of gDNA was performed 

using a NanoDrop 2000c (Thermo Scientific), and the quality of gDNA was analysed 

by agarose gel electrophoresis (section 2.2.1.3) to check for degradation.  

 

 

2.2.1.6.2 Exome-targeted enrichment and next generation sequencing 
(NGS) 

Different exome-targeted capture kits were used including Nimblegen sequence 

capture V2, Illumina TruSeq V3, Agilent V4, and Agilent V5, depending on their 

availability when the WES service was performed (Table 2.7). Exome-targeted 

enrichment was followed by NGS on a HiSeq2000 sequencer (Illumina) using a 

paired end (2×100) protocol, with an average read depth of 30×. The principle and 

procedures of WES are described in section 1.4.1.2. 
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Table 2.7 Exome-targeted capture kits used in this study 

Sample Exome-targeted capture kit 

Probands U and MH Nimblegen sequence capture V2 

Proband T Illumina TruSeq V3 

Probands V and X Agilent V4 (51 Mb) 

Probands W, Y, 1, 2, 3, AW, AH, and JF Agilent V5 (51 Mb) 

 

2.2.1.6.3 WES data alignment, assembly and variant annotation 
After the short reads generation by NGS, the raw WES data was delivered as 

FASTq files, deposited on Google cloud drive. The alignment and assembly of the 

short reads were performed by Dr Vincent Plagnol (UCL Genetics Institute).  Reads 

were aligned to the hg19 human reference sequence using Novoalign (Novocraft, 

www.novocraft.com) version 2.05 and BAM files were generated, which were 

visualised on IGV (section 2.2.2.12). The ANNOVAR tool (OpenBioinformatics) was 

used to annotate SNPs and small insertions/deletions (Wang et al. 2010). WES data 

was also analysed by ExomeDepth (Plagnol et al. 2012) to identify any potential 

causative exonic CNVs. Annotations such as the gene annotation, amino acid 

change annotation, dbSNP identifiers, allele frequencies on the 1000 Genomes 

database, the National Heart, Lung, and Blood Institute (NHLBI) Exome Sequencing 

Project Exome Variant Server (EVS), the Exome Aggregation Consortium (ExAC) 

database and our internal University College London (UCL) exomes consortium 

database, (UCL-ex) comprising of 1980 exomes, SIFT and PolyPhen scores, 

PhyloP conservation scores, and other information were then generated in an 

Excel-compatible file.  

 

2.2.1.6.4 WES variant filtering 
Approximately 20,000 variants were found in the WES data for each individual. 

Therefore, a systematic filtering strategy was necessary to shortlist the potential 

disease-causing variants. Based on the hypothesis that the inherited eye diseases 

investigated in this study are rare, variants with a minor allele frequency 

(MAF)>0.005 in the 1000 Genomes database, the NHLBI EVS, the ExAC, and UCL-

ex database were filtered. The rare variants were then prioritised using one or 

several of the following strategies: 
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1) Cross-reference with candidate gene list 

Rare variants were cross-referenced with appropriate candidate gene lists 

corresponding to the patient phenotypes. Gene list was created using 

publicly available dataset, with reference to the KEGG disease database 

(section 2.2.2.14), GeneCards (section 2.2.2.11), MGI (section 2.2.2.15), 

OMIM (section 2.2.2.18), QuickGO (section 2.2.2.22) and previous 

publications. For more details, please see corresponding appendix: Cataract 

gene list (Appendix B), anterior segment dysgeneses (ASD) and bone 

morphogenetic protein (BMP)-associated gene list (Appendix C), 

neuromuscular defect gene list (Appendix F), corneal proteome gene list 

(Appendix D), and lens proteome gene list (Appendix E). The neuromuscular 

gene list was important as some of the patients recruited to this study 

displayed systemic defects 

2) Gene expression in affected tissues 

Gene expression in the relevant tissue(s), as implicated by patient 

phenotype was investigated by examining publicly available RNA-Seq data 

from the Human BodyMap 2.0 project and from human foetal and adult 

cornea endothelial cells (Chen et al. 2013), basal limbal crypts, superficial 

limbal crypts (Bath et al. 2013) and whole cornea tissue (unpublished data).  

3) Exomiser and Phenomizer 

Exomiser was used to prioritise WES variants based on patient phenotypes 

(Human Phenotype Ontology, HPO terms were used), presumed disease 

inheritance mode, variant pathogenicity and its frequency in the control 

population. Phenomizer was used to identify genes associated with patient 

phenotypes (section 2.2.2.9). 

4) Phenotype-genotype correlation 

In families presenting with similar phenotypes, it was hypothesised that their 

conditions could be caused by mutations in the same gene. Therefore, rare 

variants in gene(s) shared by these families were prioritised.  

5) Pathogenicity of the variants 

Variants were also prioritised based on their predicted effect on protein 

function (frameshift, non-synonymous, splice site, non-frameshift, and 

synonymous). 

 

Verification of the disease-associated variants was then performed by PCR 

amplification (section 2.2.1.1) and direct sequencing (section 2.2.1.5) of the specific 

exons/introns carrying the variants, followed by segregation analyses in additional 
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family members, using the same methodology.  

 

2.2.1.7 DNA extraction from blood samples 
DNA samples were either sent directly by the referring clinician, or a patient blood 

sample was taken. DNA was then extracted from the blood sample by Ms. Beverly 

Scott (UCL Institute of Ophthalmology) using a Qiagen Gentra® Puregene® 

bloodkit (Qiagen) according to the manufacturer’s protocol. The DNA sample was 

kept at 4°C or -20°C for longer term storage. 

 

2.2.1.8 RNA extraction from blood samples 
RNA extracted from fresh blood samples was required for transcript analysis in 

some patients. A fresh blood sample was collected in a PAXgene Blood RNA tube 

(Qiagen), which contained an additive to stabilise the RNA. Total RNA was then 

extracted using a QIAamp RNA blood Mini kit according to the manufacturer’s 

protocol. Whole blood was incubated with 5 volumes of Buffer EL for 15 minutes on 

ice and centrifuged at 400 ×g for 10 minutes at 4oC to precipitate the leukocytes and 

remove the lysed erythrocytes. The cell pellet was resuspended in 2 volumes of 

Buffer EL and centrifuged again at 400 ×g for 10 minutes at 4oC. The supernatant 

containing the erythrocytes was discarded. All of the following centrifugation steps 

were performed at 12,200 ×g (≥ 10,000 rpm) at 22oC. 600 µl of Buffer RLT 

(supplemented with 0.01% (v/v) β-mercaptoethanol) was added to lyse the 

leukocytes. The lysate was pipetted into a QIAshredder spin column and centrifuged 

for 2 minutes to homogenise the cells. One volume of 70% ethanol was added to 

the lysate, transferred to the RNeasy spin column, centrifuged for 30 seconds, and 

the flow-through was discarded. Next, 350 µl of Buffer RW1 was added to the 

column and centrifuged for 30 seconds to wash the membrane. On-column DNase 

treatment was performed by adding 80 µl of DNase (10 µl of DNase stock solution + 

70 µl of Buffer RDD) to the centre of the membrane and incubated at 22oC for 15 

minutes, followed by washing with 350 µl of Buffer RW1. The column was 

centrifuged for 30 seconds and the flow-through was discarded. Then, 500 µl of 

Buffer RPE was added to the column and centrifuged for 30 seconds and the flow-

through was discarded. This step was repeated and centrifuged for 2 minutes to dry 

the column. The column was placed into a new collection tube and centrifuged for 1 

minute to remove any residual wash buffer. The spin column was then placed into a 

clean 1.5 ml microcentrifuge tube and 30 µl of RNase-free water was added to the 
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centre of the membrane and centrifuged for 1 minute. This step was repeated by 

reloading the eluate onto the membrane to increase the RNA yield. The RNA 

concentration was then quantified using a NanoDrop 2000c (Thermo Scientific). The 

extracted total RNA was then stored at -80oC to prevent degradation. 

 

2.2.1.9 RNA extraction from cultured cells 
Cell homogenisation and RNA extraction from the cells was performed using 

QIAshredder kit, RNeasy mini kit (Qiagen) according to the manufacturer’s protocol. 

Twenty-four hours after transfection (section 2.2.4.5), the 6-well dish was washed 

with HBSS, trypsinised with 200 µl of 0.05% (v/v) trypsin-EDTA, and resuspended in 

1 ml of DMEM/F12-GlutaMAX™ supplemented with 10% (v/v) of FBS. Cells were 

then transferred to a 1.5 ml microcentrifuge tube and centrifuged at 2,200 ×g (1,800 

rpm) for 5 minutes. The supernatant was discarded and 350 µl of Buffer RLT 

(supplemented with 0.01% (v/v) β-mercaptoethanol) was added to lyse the cells. 

The following steps were the same as RNA extraction from blood using QIAamp 

RNA blood Mini kit as described in section 2.2.1.8.  

 

2.2.1.10 RNA extraction and reverse transcription (RT)-PCR from 
human foetal eye tissues 

These experiments were performed by our collaborator, team of Professor Jane 

Sowden from UCL Great Ormond Street Institute of Child Health, London, United 

Kingdom. RNA was extracted from microdissected human foetal lens, iris, retina, 

and cornea with mirVana miRNA isolation kit (Thermo Fisher Scientific) according to 

the manufacturer’s protocol. First-strand cDNA synthesis was performed with 1 µg 

of total RNA via M-MLV Reverse Transcriptase (Promega) and random hexamer 

oligonucleotide primers (Invitrogen). Second strand synthesis was performed with 

CPAMD8 primers (Appendix A). 

 

2.2.1.11 Reverse transcription (RT)-PCR 
Synthesis of cDNA from RNA was performed to study gene expression using a 

Tetro cDNA synthesis kit (Bioline, UK). Table 2.8 shows the cDNA synthesis 

reaction setup. A negative control with the same RT-PCR premix without reverse 

transcriptase was set up for each RT-PCR run. The sample was mixed gently by 

pipetting and incubated at 45oC for 30 minutes. If random hexamers were used, the 
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sample was incubated at 10 minutes at 25oC followed by 45oC for 30 minutes. The 

reaction was terminated by incubation at 85oC for 5 minutes and the samples were 

chilled on ice. The resulting cDNA was frozen at -20oC for long term storage.  

 

Table 2.8 RT-PCR setup 

Component Concentration or volume per reaction 

Total RNA  up to 5 µg 

Random hexamer or oligo (dT)18 1 µl 

10 mM dNTP mix 1 µl 

5× RT buffer 4 µl 

RNase inhibitor 1 µl 

Reverse transcriptase (200 U/µl) 1 µl 

DEPC-treated water Top up to 20 µl 

 

2.2.1.12 Quantitative polymerase chain reaction (qPCR) assay 
Quantitative polymerase chain reaction (qPCR) is a technique used to 

simultaneously amplify and quantify the amount of targeted DNA molecules by 

measuring the fluorescence emitted by the fluorescent dyes intercalating with the 

double-stranded DNA (dsDNA). During the exponential amplification stage, the 

amount of dsDNA is doubled after each cycle. When the fluorescence passes the 

fixed threshold, the fractional cycle number is called the threshold cycle (CT). 

However, amplification efficiencies vary among different primer pairs and templates. 

Therefore, the relative standard curve method was used to overcome the problem of 

varying amplification efficiencies.  

 

In this study, qPCR was used to investigate copy number variations (CNVs) of 

CHRDL1 in the syndromic megalocornea patients, who did not carry any CHRDL1 

mutation detectable by PCR and Sanger sequencing. An X-linked congenital 

cataract (CXN) patient, who had previously been identified with the NHS gene 

duplication/triplication (Coccia et al. 2009) was used as a positive control in the 

qPCR assay. qPCR was performed using SYBR-Green Mastermix (Applied 

Biosystem) on an Applied Biosystem 7900 HT Fast Real-Time PCR System. Table 

2.9 shows the qPCR setup. The protocol was as follows; initial denaturation at 95°C 

for 3 minutes, followed by 40 cycles of denaturation at 95°C for 15 seconds and 
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annealing and extension at 60°C for 30 seconds. At the end of the qPCR, a 

dissociation curve was generated by a 3-step denaturation-annealing-denaturation 

cycle; denaturation at 95°C for 15 seconds, annealing at 60°C for 15 seconds, and 

a gradual increase in temperature up to 95°C in 15 seconds. As every dsDNA had a 

different dissociation profile, the dissociation curve enabled the detection of non-

specific PCR products, primer dimers, and contaminating DNA, which appeared as 

additional peaks in addition to peak representing product of interest. 

 

Table 2.9 qPCR setup 

Component Concentration or volume per reaction 

2× SYBR® Green PCR Master Mix 10.0 µl 

Forward primer 10 µM 0.4 µM 

Reverse primer 10 µM 0.4 µM 

gDNA template (10 ng/µl) 4.0 µl 

dH2O Top up to 20 µl 
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2.2.1.12.1 Relative standard curve method 
To offset the problem of unequal PCR efficiencies, standard curves were generated 

for both target and reference genes, from which the quantitative values of the 

samples were interpolated. Five main prerequisites for qPCR using the relative 

standard curve method are described in Table 2.10. The samples and genes 

investigated in this study are shown in parentheses ‘( )’: 

 
Table 2.10 Five components of qPCR using relative standard curve method 

Component Description 

Test sample 
patient gDNA sample (syndromic megalocornea patient 

DNA) 

Control sample  
any gDNA sample that did not carry any CNVs in both 

reference and target genes (Control DNA 1) 

Stock sample 
any gDNA sample which was used as a template for the 

preparation of a standard curve (Control DNA 2) 

Target gene 
gene of interest which was tested for CNVs (CHRDL1 exon 

2 and exon 12) 

Reference gene 

gene which was used as a control to normalise quantitation 

of targets for differences in the amount of gDNA input (NHS 

exon 6) 

 

A serial dilution (1, 1/10, 1/100, 1/1000, and 1/2000) of the stock DNA sample with 

initial concentration of approximately 40 ng/µl was prepared and used as a template 

for the generation of standard curves. For the accuracy of the assay, the 

quantitative values of the test and control samples should fall within the range of the 

standard curves. Thus, both test and control samples with an initial concentration of 

10 ng/µl were diluted at 1/50 and 1/100. Each reaction was run in triplicate to 

reduce the experimental standard error. 

 

  



 Chapter 2 

 

77 | P a g e  
 

2.2.1.12.2 qPCR data analysis 
qPCR data were analysed using SDS sequence detector 2.2.2 software (Applied 

Biosystem). The data were presented as a graph with fluorescence signal against 

cycle number. Raw data were exported from SDS 2.2.2 to Microsoft Excel. In order 

to increase the accuracy of the analysis, outliers (readings with CT values beyond 

the expected range) were removed before further analysis. Mean CT was calculated 

using the following formula:  

 

Mean CT = (CT1 + CT2 + CT3)/3 

 

A standard curve of mean CT against log of the amount of DNA was plotted for the 

target and reference genes and an equation was derived from the graph, y = mx + 

c ;  r2 ≈ 1 , where y = CT; m = slope; x = log10 (amount of DNA); c = intercept; and r2, 

correlation coefficient. r2 is a statistical term indicating the accuracy of predicting 

one value from another value. A PCR with good amplification efficiency was 

indicated by an r2 value close to 1. Therefore, an r2>0.99 provides confidence in 

predicting the concentration of the gDNA template. For each gene, the values for 

log10 (amount of DNA) of the test and control samples were calculated using the 

equation derived from the standard curve, converted into absolute amount of DNA 

(x), and the mean amount of DNA was obtained, mean (x) = (x1 + x2 + x3)/3. 

Next, the target gene mean (x) was normalised to the reference gene mean (x) for 

both test and control samples as shown below: 

 

Normalised CHRDL1 value = CHRDL1 mean (x) / NHS mean (x)  

 

Then, the copy number of CHRDL1 in the test sample (fold-difference values) was 

obtained using the following formula: 

 

CNV of CHRDL1  

= Normalised CHRDL1 value in test sample/normalised CHRDL1   

   value in control sample 
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2.2.1.13 Cloning 

2.2.1.13.1 TA cloning into pGEM®-T Easy vector  
pGEM®-T Easy vector (Figure 2.3) contains a multiple cloning site (MCS) flanked by 

T7 and SP6 RNA polymerase promoters. The MCS is positioned within the lacZ 

gene, which encodes the α-peptide of the enzyme β-galactosidase. β-galactosidase 

converts lactose into galactose and glucose. Insertion of DNA fragments into the 

MCS triggers the insertional inactivation of the α-peptide, which enables the 

differentiation of recombinants and non-recombinants by blue-white screening using 

IPTG-Xgal plates (Table 2.1). Isopropyl β-D-1-thiogalactopyranoside (IPTG) is an 

inducer of lacZ, which is commonly supplemented with X-gal for blue-white 

screening. X-gal is a chromogenic substrate, which is hydrolysed by β-

galactosidase to form blue colour 5,5’-dibromo-4,4’-dichloro-indigo dimers. Thus, on 

an X-gal plate, white colonies correspond to recombinant cells, whereas non-

recombinant cells are represented by blue colonies. 

 
DNA fragments were PCR amplified using GoTaq® Green Master Mix (section 

2.2.1.1.1), gel purified (section 2.2.1.4.2) and ligated into pGEM®-T Easy vector 

(Table 2.11). Ligation buffer was vortexed vigorously before use and briefly 

centrifuged with pGEM®-T Easy vector. The mixture was mixed by pipetting gently 

and incubated overnight at 4°C. 

 

 
Figure 2.3 pGEM®-T Easy vector map (adapted from Promega) 
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Table 2.11 pGEM®-T Easy vector ligation setup 

Component Volume (µ l) 

2× rapid ligation buffer 5 

pGEM®-T Easy vector 1 

Purified PCR product 3 

T4 DNA ligase (3 Weiss units/µl) 1 

TOTAL 10 

 

2.2.1.13.2 Transformation of competent cells (heat shock method) 
DH5-alpha™ competent E. coli cells with transfection efficiency of 1-3 x 109 cfu/µg 

pUC19 DNA (NEB; catalogue number: C2987) were used in this study. Cells were 

placed on ice until the cells just thawed. 2-5 µl of ligated product was added to the 

cells, mixed by gently flicking the tube several times, left on ice for 30 minutes, heat 

shock at 42°C for 30 seconds, followed by incubation on ice for 5 minutes. 950 µl of 

Super Optimal Broth (SOC) (NEB) was added to the cells and incubated at 37°C for 

1 hour with shaking 275 ×g (225 rpm). 100 µl of the sample was plated on the 

selection plate containing appropriate antibiotics or IPTG-Xgal plates (for pGEM®-T 

Easy plasmid transformation). 

 

2.2.1.13.3 Purification of plasmid DNA  

2.2.1.13.3.1 Purification of plasmid DNA using QIAprep Spin Miniprep Kit 

Bacterial cells were grown overnight at 37°C and the plasmid purification was 

performed in accordance to the manufacturer’s instructions. All the centrifugation 

steps were carried out at 22oC at 12,200 ×g (≥ 10,000 rpm). 1.5 ml of bacterial 

culture was pelleted by centrifugation and the supernatant was discarded. The pellet 

was resuspended in 400 µl of Complete Lysis Solution, incubated at 22oC for 3 

minutes, loaded onto the QuickLyse spin column and centrifuged for 1 minute. The 

QuickLyse column was then washed with 400 µl of Buffer QLW and centrifuged for 

1 minute. The flow-through was discarded and the column was transferred into a 

new collection tube, followed by 1 minute of centrifugation to remove residual wash 

buffer. The QuickLyse spin column was then placed into a new centrifuge tube and 

50 µl of Buffer QLE was added onto the centre of the membrane and centrifuged for 

1 minute to elute the plasmid DNA. 
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2.2.1.13.3.2 Purification of plasmid DNA using ZymoPURE™ Plasmid 

Midiprep Kit 

Plasmid purification using ZymoPURE™ Plasmid Midiprep Kit was performed 

according to the manufacturer’s instructions. 50 ml of bacterial cells were grown 

overnight in a flask at 37°C and centrifuged at 2,500 ×g for 10 minutes. The pellet 

was resuspended in 8 ml of ZymoPURE™ P1, followed by addition of 8 ml of 

ZymoPURE™ P2. Then, 8 ml of ZymoPURE™ P3 was added to neutralise the 

solution and the clear lysate was filtered through a syringe filter to a conical tube to 

remove the cell debris. Next, 8 ml of ZymoPURE™ Binding Buffer was added and 

all solution was passed through the ZymoPURE™ Spin III-P Column to bind the 

plasmid DNA to the membrane. On-column wash steps were performed using 800 

µl of ZymoPURE™ Wash 1, centrifuged at 12,200 ×g (≥ 10,000 rpm) for 1 minute, 

washed with 800 µl of Wash 2, centrifuged for 1 minute, followed by the final 

plasmid elution in 100 µl of ZymoPURE™ Elution Buffer. 

 

2.2.1.14 Site directed mutagenesis 
Site directed mutagenesis (SDM) was performed using a Q5® Site-Directed 

Mutagenesis Kit (NEB) according to the manufacturer’s instructions. SDM was 

performed to generate CCDC22 mutant clone, pEBB-CCDC22-Y557C in this study. 

12.5 µl of Q5 Hot Start High-Fidelity 2× Master Mix, 0.5 µM of forward and reverse 

primers (CCDC22_SDM, Appendix A), 2 ng of plasmid DNA (pEBB-CCDC22) was 

added to a 0.5 ml microcentrifuge tube and the reaction was made up to 25 µl with 

nuclease-free water. The PCR cycle was as follows; initial denaturation of 98°C for 

30 seconds, followed by 25 cycles of 98°C for 10 seconds, 62°C for 30 seconds and 

72°C for 4 minutes, and a final extension at 72°C for 2 minutes. Next, 1 µl of PCR 

product was mixed with 5 µl of 2× KLD reaction buffer, 1 µl of 10× KLD enzyme mix, 

and 3 µl of nuclease-free water and incubated at 22oC for 5 minutes, followed by 

transformation into competent cells (section 2.2.1.13.2). 100 µl of sample was 

plated on an ampicillin plate and left to grow overnight at 37°C.  The next day, a few 

colonies were picked to inoculate LB broth supplemented with ampicillin (50 µg/ml). 

After incubation at 37°C for 16 hours, the plasmid DNA was purified (section 

2.2.1.13.3.2) and Sanger sequenced to confirm its identity (section 2.2.1.5).  
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2.2.1.15 Minigene splicing assay 
In this study, a minigene system was used to perform an in vitro splice assay to test 

the effect of CPAMD8 splice site mutations on pre-mRNA splicing, when a fresh 

blood sample of the patient was not available. This method has been described 

previously (Baralle et al. 2003; Jonsson et al. 2015). Briefly, this involved the 

amplification of DNA fragments of interest, TA cloning into pGEM®-T Easy vector, 

subcloning into the α-globin–fibronectin–extra domain B (EDB) expression vector, 

transient transfection of the minigene, and RT-PCR to investigate the splicing 

events (Figure 2.4). 

 

 
Figure 2.4 In vitro splice assay using a minigene system 
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2.2.1.15.1 PCR amplification of fragments of interest and cloning into  

pGEM®-T Easy vector 
Primers were designed to amplify an approximately 1.6 kb of CPAMD8 genomic 

DNA, flanking exon 33 to 35 and the surrounding intronic regions (Primers 

CPAMD8_32-35, Appendix A) using the patient gDNA sample as the template. NdeI 

restriction sites (CATATG) were added to the 5’ end of the primers to enable 

subcloning of the fragments into the EDB expression vector. The DNA fragments of 

interest were PCR amplified using GoTaq® Green Master Mix (section 2.2.1.1.1), 

purified by gel extraction using QIAquick Gel Extraction Kit (Qiagen) (section 

2.2.1.4.2), TA cloned into pGEM®-T Easy (section 2.2.1.13.1) and transformed into 

DH5α competent cells (section 2.2.1.13.2). 100 µl of sample was plated onto an 

IPTG/Xgal plate supplemented with ampicillin (Table 2.1) and incubated overnight at 

37°C. The next day, white colonies were then selected to perform colony PCR. An 

autoclaved tip was used to pick the colony and inoculate the PCR master mix 

(section 2.2.1.1.1; Table 2.4) using the same primer pair. The same tip with 

bacterial cells was used to inoculate 10 ml of LB broth supplemented with ampicillin 

(50 µg/ml) and incubated overnight at 37°C with shaking 275 ×g (225 rpm). PCR 

products were run on a 1.5% (w/v) agarose gel, visualised on a UV transilluminator 

(section 2.2.1.3), purified using a cleanup filter plate (Merck Milipore, UK) (section 

2.2.1.4.1) and Sanger sequenced (section 2.2.1.5) to establish their identity. As the 

patient was heterozygous for the splice site variant, the bacterial colonies carried 

either the wild type or mutant fragment. For bacterial cultures containing the wild 

type or mutant CPAMD8 construct without any PCR-induced sequence alterations, 

plasmid miniprep purification was performed using a QIAprep Spin Miniprep Kit 

(section 2.2.1.13.3.1). 

 

2.2.1.15.2 Preparation of the EDB expression vector 
NdeI digestion was set up for the EDB expression vector and pGEM®-T Easy clones 

containing the CPAMD8 wild type or mutant fragment, as shown in Table 2.12. A 

total of 1 µg of EDB plasmid or 2 µg of pGEM®-T Easy-CPAMD8 plasmid was used 

for NdeI digestion. Thermosensitive Alkaline Phosphatase (TSAP) was added to the 

EDB vector to remove the 5´phosphate from the linearized vector to prevent re-

ligation. NdeI-digested EDB vector without the TSAP treatment was included as a 

positive control for ligation. The digested products were then run on a 1% (w/v) 

agarose gel and visualised on a UV transilluminator (section 2.2.1.3) to confirm their 

sizes.  
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Table 2.12 NdeI digestion setup 

Component 
Concentration or volume 

per reaction 

10× CutSmart buffer (NEB) 2 µl 

NdeI restriction enzyme (20 U/µl) (NEB) 0.5 µl 

Plasmid DNA 1-2 µg 

dH2O Top up to 20 µl 

Incubation at 37°C for 15 minutes, followed by enzyme inactivation at 65°C for 20 

minutes. Next, 1 µl of TSAP was added to the EDB vector and was incubated at 

37°C for 30 min. 

 

The EDB vector and CPAMD8 inserts were excised and purified by gel extraction 

(section 2.2.1.4.2), followed by quantification with a NanoDrop 2000c (Thermo 

Scientific). Freezing of the digested product should be avoided to prevent cleavage 

of the sticky ends.  

 

2.2.1.15.3 Subcloning of CPAMD8 fragments into EDB expression 
vector 

The digested EDB vector and CPAMD8 inserts were ligated as shown in Table 2.13. 

Reaction 3 was used as a positive control for the TSAP activity: EDB vector should 

remain linear as 5’ phosphate was removed which prevented vector re-ligation, thus 

no colonies should form. Reaction 4 acted as a positive control for ligation: 

Linearized vector should religate; whereas reaction 5 was used as a positive control 

for the transformation. Colonies should be present for reactions 1,2, 4 and 5.  

 

The ligation was performed using T7 DNA ligase (NEB) (Table 2.14) with ligase 

added last. A 5:1 (insert:vector) ratio was used based on the calculation of the 

respective amount of insert and vector shown below: 

[vector (ng) x insert (kb) x (insert:vector ratio) / vector (kb)] = insert (ng)  

In this study, [100 ng x 1.6 x 5 / 6.5] = ~120 ng of insert DNA 
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Table 2.13 Subcloning CPAMD8 inserts into EDB vector 

Reaction Components 

1 CPAMD8 wild type insert + EDB vector (digested and TSAP-treated) 

2 CPAMD8 mutant insert + EDB vector (digested and TSAP-treated) 

3 No insert + EDB vector (digested and TSAP-treated) 

4 No insert + EDB vector (digested but not TSAP-treated) 

5 EDB vector only (non-digested) 

 

Table 2.14 Ligation setup using T7 DNA ligase 

Component Concentration or volume per reaction 

2× T7 ligase reaction  buffer (NEB) 10 µl 

EDB Vector 100 ng 

CPAMD8 insert 120 ng 

T7 DNA ligase (NEB) 1 µl 

dH2O Top up to 20 µl 

 
The ligation mixture was incubated at 25°C on an Eppendorf Mastercycler gradient 

PCR machine for 30 minutes. Next, 10 µl of the ligated product was used to 

transform 50 µl of high efficiency competent cells as described in section 2.2.1.13.2. 

After 1 hour incubation at 37°C, cells were gently spun down at 3,660 ×g (3,000 

rpm) for 5 minutes, resuspended in 100 µl of SOC medium, plated on LB plates 

supplemented with ampicillin (50 µg/ml), followed by incubation at 37°C for 18 hours.  

 

The next day, colonies were picked to perform colony PCR and inoculate LB broth 

(section 2.2.1.15.1). Colonies with inserts of right size were cultured overnight for 

plasmid purification using a miniprep kit (section 2.2.1.15.1). The purified plasmid 

was digested with NdeI restriction enzyme (Table 2.12). Plasmids with correct 

backbone and insert size were Sanger sequenced to establish their identities and 

insert orientations. Bacterial cultures containing the correct CPAMD8 wild type or 

mutant insert cloned into the EDB expression vector in the correct orientation were 

prepared for plasmid purification using a midiprep kit (section 2.2.1.13.3.2). The 
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quality and concentration of the plasmids were quantified using a NanoDrop 2000c 

(Thermo Scientific). 

 

2.2.1.15.4 Transient transfection into HEK293 cells and in vitro splice 
assay  

HEK293 cells were seeded in a 6-well dish (section 2.2.4.4), incubated at 37°C for 

18 hours, then transiently transfected with CPAMD8 wild type, mutant (c.4549-

1G>A), or EDB minigenes using TransIT-LT1 Transfection Reagent (Cambridge 

BioScience for Mirus Bio LLC, Cambridge, UK) (section 2.2.4.5). Twenty four hours 

after transfection, the cells were lysed, RNA was extracted (section 2.2.1.9) and 

reverse transcribed to cDNA using the Tetro cDNA Synthesis Kit (Bioline) (section 

2.2.1.11). RT-PCR was then performed with GoTaq Green Master Mix (section 

2.2.1.1.1) using an EDB vector-specific primer pair (EDB, Appendix A). Amplification 

using a primer pair targeting the backbone of the EDB vector, (Splicecon, Appendix 

A) was included as a loading control. The amplified products were then resolved on 

a 2% (w/v) agarose gel, visualised on a UV transilluminator (section 2.2.1.3), gel 

extracted (section 2.2.1.4.2), and Sanger sequenced (section 2.2.1.5) to establish 

their identities. 

 

2.2.1.16 In situ hybridisation (ISH) 
Two CPAMD8 fragments were amplified using standard PCR (section 2.2.1.1.1): a 

356 bp fragment amplified from the CPAMD8 3’ untranslated region with primer pair 

CPAMD8 3UTR (Appendix A) using genomic DNA; and a 392 bp fragment amplified 

from CPAMD8 lymphoblast-derived cDNA from exon 4 to 10 using primer pair 

CPAMD8 Ex4-10 (Appendix A). The fragments were then cloned into pGEM®-T 

Easy (section 2.2.1.13.1). These two constructs were then used to synthesise 

riboprobes, CPAMD8 3UTR construct (probe A) and CPAMD8 Ex4-10 construct 

(probe B). These riboprobes were designed to target both isoforms CPAMD8-1a 

and -1b. 

 

The following procedures were performed by our collaborator, team of Professor 

Jane Sowden from UCL Great Ormond Street Institute of Child Health, London, 

United Kingdom. Two riboprobes were synthesised from the constructs using 

Digoxigenin-UTP RNA labelling kits (Roche, Indianapolis, USA). Human embryonic 

eyes were fixed in 4% (w/v) phosphate-buffered paraformaldehyde solution and 
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embedded in paraffin wax before sectioning. Sections were cut to 14 µm thickness 

using a Leica CM1900 UV cryostat and collected on Superfrost Plus glass slides 

(VWR). ISH was performed in 300 mM NaCl, 5 mM EDTA, 20 mM Tris-HCl, 5 mM 

sodium phosphate, 0.1 mg/ml yeast tRNA, 10% dextran sulfate, 1× Denhardt’s 

reagent, 0.5 mg/ml tRNA, and 50% formamide with digoxenin-incorporated 

riboprobes at 65°C. Post hybridisation slides were incubated with anti-digoxenin 

conjugated wirh alkaline phosphatase (Roche) diluted 1:1,000 in 2% of foetal calf 

serum. Expression patterns were visualised with a Nitro-Blue Tetrazolium 

Chloride/5-Bromo-4-Chloro-3-Indolyphosphate p-Toluidine Salt (NBT/BCIP) system 

(Roche). Sections were mounted using Vectamount (Vector laboratories) and 

analysed using a Zeiss Axioplan 2 imaging system. Embryonic eyes at Carnegie 

stages (CS) 18 (day 44), 19 (day 47-48), 21 (day 52) and 23 (day 56-57) were 

analysed.  

 

2.2.2 Bioinformatics and computational software 

2.2.2.1 ANNOVAR 
ANNOVAR (OpenBioinformatics) was used by Dr Vincent Plagnol (UCL Genetics 

Institute) to perform the annotation and functional predictions of the genetic variants 

detected in the WES data, and then generated the data in an Excel-compatible file 

with information such as gene annotation, amino acid change annotation, SIFT, 

PolyPhen, and PhyloP conservation scores, dbSNP identifiers, allele frequencies in 

1000 Genomes Project, NHLBI EVS, ExAC, and UCL-ex database. 

(http://www.openbioinformatics.org/annovar/) (Wang et al. 2010).  

 

2.2.2.2 BDGP splice site prediction 
BDGP (Berkeley Drosophila Genome Project) was used to predict potential splice 

sites and the consequence of variants (http://www.fruitfly.org/seq_tools/splice.html). 

 

2.2.2.3 BioEdit v7.2.5 
BioEdit is a sequence alignment editor and sequence analysis program. One of its 

programs, ClustalW, was used to perform multiple protein alignments to examine 

the amino acids conservation across different species.  
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2.2.2.4 BLOSUM62 
The BLOcks SUbstitution Matrix (BLOSUM62) matrix was used to predict the 

pathogenicity of amino acid substitutions. A positive number on Blosum62 

substitution matrix indicates a tolerated substitution whereas a negative number 

suggests that the substitution is more likely to be pathogenic 

(http://www.ncbi.nlm.nih.gov/Class/FieldGuide/BLOSUM62.txt). 

 

2.2.2.5 Cat-Map 
Cat-Map was used as a reference for genes associated with cataracts (http://cat-

map.wustl.edu/). 

 

2.2.2.6 Database of Genomic Variants 
DGV catalogues structural variations identified in healthy control samples. This 

database was used to exclude common structural variations (SVs) in the patient 

WES data, identified by ExomeDepth (http://dgv.tcag.ca/dgv/app/home). 

 

2.2.2.7 DNAStar computational software 
SeqMan was used to align and compare patient DNA sequence to the reference 

sequence.  

 

2.2.2.8 Ensembl genome browser 
Ensembl was widely used in this study to retrieve genetic and genomic information 

such as genomic, cDNA, protein sequences and potential isoforms of a gene, 

population genetics of SNPs, protein paralogues, orthologues and protein domains 

(www.ensembl.org/). 

 

2.2.2.9 Exomiser and Phenomizer 
Exomiser was used to prioritise WES variants based on predicted variant 

pathogenicity and the matching phenotypes in human or model organisms 

(Robinson et al. 2014) (http://www.sanger.ac.uk/science/tools/exomiser). 

Phenomizer was used to create candidate gene list using patient phenotypes. HPO 
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(Human Phenotype Ontology) terms were used (Köhler et al. 2014) 

(http://compbio.charite.de/phenomizer/). 

 

2.2.2.10 ExPaSy translate tool 
ExPASy (Expert Protein Analysis System) translate tool (Swiss Institute of 

Bioinformatics, SIB) was used to investigate the alteration of reading frame caused 

by a mutation (http://web.expasy.org/translate/). 

 

2.2.2.11 GeneCards®    
GeneCards were used to identify candidate genes associated with patient 

phenotype (http://www.genecards.org/). 

 

2.2.2.12 Integrative Genomics Viewer 2.3 
IGV was used to visualise the WES aligned data (BAM files) (Robinson et al. 2011; 

Thorvaldsdóttir et al. 2013), and to investigate RNA-Seq data from Illumina’s Human 

BodyMap 2.0 project and other publicly available RNA-Seq data  

(http://software.broadinstitute.org/software/igv/). 

 

2.2.2.13 InterPro 
InterPro is an integrated database combining protein signatures from its member 

databases such as Prosite, Pfam, and SMART. It was used in this study to 

investigate information about protein domains and their functions 

(http://www.ebi.ac.uk/interpro/). 

 

2.2.2.14 KEGG disease database 
The KEGG disease database was used to create candidate gene lists for WES 

variants prioritisation (www.genome.jp/kegg/). 

 

2.2.2.15 Mouse Genome Informatics 
MGI was used to investigate phenotypes in the mouse models caused by 

experimentally induced or naturally occurring mutations to identify potential 
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candidate genes associated with human eye diseases 

(http://www.informatics.jax.org/). 

 

2.2.2.16 National Heart, Lung, and Blood Institute Exome 
Sequencing Project Exome Variant Server 

NHLBI EVS was established to discover novel genes contributing to heart, lung and 

blood disorders by NGS of the protein coding regions of the human genome across 

diverse, richly-phenotyped populations. EVS was used to exclude patients WES 

variants that were common in this population (evs.gs.washington.edu/EVS). 

 

2.2.2.17 NCBI BLAST (Basic Local Alignment Search Tool) 
NCBI (National Center for Biotechnology Information) BLAST tool was used to 

compare nucleotide (blastn) and protein sequences (blastp) to identify the sequence 

identities between the sequences of interest (http://blast.ncbi.nlm.nih.gov/Blast.cgi). 

 

2.2.2.18 Online Mendelian Inheritance in Man 
OMIM was used to retrieve information such as clinical features, molecular genetics, 

animal models of human disorders, and research progress pertaining to the disease 

(http://www.ncbi.nlm.nih.gov/omim). 

 

2.2.2.19 Polymorphism Phenotyping v2  
PolyPhen-2 was used to predict the effect of an amino acid substitution on the 

structure and function of a protein by comparing the physical characteristics of the 

amino acids involved. Polyphen 2 appraises mutations quantitatively as benign 

(BNG), possibly damaging (POS) or probably damaging (PRD) based on the 

model’s false positive ratio (genetics.bwh.harvard.edu/pph2/index.shtml). 

 

2.2.2.20 Primer 3 (version 4.0) 
Primer3 (version 4.0) was used to design primers (http://primer3.ut.ee). 

 

2.2.2.21 PyMol 
PyMol was used to visualise the 3D protein structure in a PDB format. Amino acid 

residues can be altered to predict the effect on protein 3D structure. 
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2.2.2.22 QuickGO 
QuickGO was used to identify genes using gene ontology (GO) terms in order to 

create candidate gene lists for WES variants prioritisation 

(https://www.ebi.ac.uk/QuickGO/).  

 

2.2.2.23 SIFT prediction 
SIFT was used to predict the impact of an amino acid substitution on protein 

function based on the degree of amino acid conservation among closely related 

sequences, which were obtained from PSI-BLAST. SIFT results were reported to be 

tolerant (T) if tolerance index is ≥0.05 or damaging (D) if tolerance index is <0.05 

(sift.jcvi.org). 

 

2.2.2.24 Swiss-Model 
Swiss-Model was used to model protein structure using homologous protein 

structures as a template (https://swissmodel.expasy.org/). 

 

2.2.2.25 The Human Gene Mutation Database  
HGMD hosts information on previously reported mutations associated with human 

inherited diseases (www.hgmd.org). 

 

2.2.2.26 UCSC genome browser 
Similar to Ensembl (section 2.2.2.8). UCSC genome browser was used to retrieve 

genetic and genomic information such as genomic, cDNA, protein sequences, and 

potential isoforms of a gene, expressed sequenced tags identified in different 

tissues and cell lines, protein paralogues and orthologues (http://genome.ucsc.edu/). 

Ensembl and UCSC differ in their gene annotations so using both databases was 

important.   

 

2.2.2.27 UniProt 
UniProt was used to obtain protein information, such as protein function, cellular 

localisation, tissue expression, involvement in disease, protein sequence and 

domains (www.uniprot.org). 



 Chapter 2 

 

91 | P a g e  
 

2.2.3 Protein based techniques 

2.2.3.1 Preparation of cell lysates 
Cells in a 6-well dish were washed twice in ice-cold PBS and lysed for 10 minutes 

with 200 µl of Kinase Lysis Buffer (150 mM NaCl), supplemented with 1% (v/v) of 

protease and phosphatase inhibitor cocktails (PIC) (Sigma) (Table 2.1). A cell 

scraper was used to scrape the cells from the dish, and cells were aspirated into a 

1.5 ml microcentrifuge tube. Cells were then centrifuged at 4°C, ≥8,000 ×g for 30 

minutes and the supernatant was transferred to a new 1.5 ml microcentrifuge tube.  

 

2.2.3.2 Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis 
(SDS-PAGE) 

In this study, SDS-PAGE was performed using a BioRad Mini-PROTEAN II SDS-

PAGE electrophoresis system (Bio-Rad). SDS-PAGE was used to separate proteins 

according to their molecular weight. Sodium Dodecyl Sulphate (SDS) is an ionic 

detergent, which is able to denature the proteins and remove the secondary, tertiary 

protein structures to maintain the proteins as linear polypeptide chains.  

 

Two gels (the stacking gel and resolving gel) were required. The stacking gel (the 

top gel) was acidic (pH 6.8) with low acrylamide concentration (4%), whereas the 

resolving gel was basic (pH 8.8) and had a higher polyacrylamide concentration (8-

12%). The large pored stacking gel enabled the concentration of proteins prior to 

separation in the resolving gel according to their size. Table 2.15 shows the 

solutions required to make stacking and resolving gels. The resolving gel was first 

prepared in the glass plate assembly and topped with butanol to remove bubbles 

and flatten the surface of the gel. The gel was left to polymerise at 22oC for 

approximately 30 minutes. Butanol was removed by rinsing with water and a comb 

was inserted into the space between the glass plates before adding the stacking gel 

solution and then left to polymerise at 22oC. The gel assembly was transferred to 

the tank with 1× SDS-PAGE running buffer. The protein samples (with Laemmli 

buffer) were denatured at 95°C for 5 minutes, loaded onto the gel, and run at 120V 

until the loading dye passed through the stacking gels. The voltage was then 

increased to 200V and electrophoresis continued until the front dye reached the 

bottom of the gel. 
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Table 2.15 Solutions for preparing SDS-PAGE stacking and resolving gels 

Component 
Stacking gel x2 

(ml) 

Resolving gel x2 (ml) 

8% 12% 

dH2O 3.00 4.6 3.3 

30% acrylamide mix (National 

Diagnostics) 
0.65 2.7 4.0 

1.0 M Tris (pH 6.8) 1.25 - - 

1.5 M Tris (pH 8.8) - 2.5 2.5 

10% SDS 0.05 0.1 0.1 

10% ammonium persulfate 

(APS) 
0.05 0.1 0.1 

TEMED (Sigma) 0.01 0.006 0.004 

 

2.2.3.3 Western blotting 
Western blots were used to transfer protein samples from a gel to a nitrocellulose 

membrane using a semi-dry electrophoretic Trans-Blot® Turbo™ Transfer System 

(BioRad), followed by protein detection using specific antibodies. The protein-

containing gel and nitrocellulose membrane were sandwiched between two stacks 

of filter paper, which had been soaked in transfer buffer (Table 2.1), and run at 15V, 

0.4 Amps for 20 minutes. Staining with Ponceau S (Sigma) was performed to 

visualise the proteins on the nitrocellulose membrane. Next, the membrane was 

blocked in blocking buffer (Table 2.1) at 22oC for 1 hour to prevent non-specific 

binding of the primary or secondary antibodies. The membrane was then incubated 

with primary antibodies (Table 2.2) diluted in blocking buffer at 22oC for 1 hour with 

shaking or overnight at 4°C, followed by washing with PBS Tween-20® (Table 2.1) 

for 4 times (5 minutes each). Then, the membrane was incubated with HRP-

conjugated secondary antibody (Table 2.2) at 22oC for 45 minutes with shaking, 

followed by 4 washes of 5 minutes each. The immunostaining was then detected 

using ECL Prime (VWR) (500 µl solution A and 500 µl solution B) and visualised 

using ChemiDoc Imaging System (BioRad).  
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2.2.3.4 Immunoprecipitation 
Immunoprecipitation (IP) was performed using Dynabeads Protein G (Invitrogen). 

HEK293 cells were seeded (section 2.2.4.4), transfected (section 2.2.4.5), and lysed 

(section 2.2.3.1) on a 6-well plate. The cell lysate was collected in a 1.5 ml 

microcentrifuge tube and gently sonicated for few seconds. The lysate was then 

centrifuged at 4°C, ≥8,000 ×g for 30 minutes and the supernatant was collected. A 

total of 40 µl of the lysate (input) was aspirated, mixed with 10 µl of 5× Laemmli 

buffer (Table 2.1), boiled at 95°C for 5 min, and stored at -80°C. 200 µl of cell lysate 

was incubated overnight with primary antibodies (Table 2.2) at 4°C on a rotating 

wheel. The next day, the antibody-lysate mixture was added to 50 µl of bead 

suspension, which had been washed with KLB buffer, (Table 2.1) and incubated on 

a rotating wheel at 4°C for 1 hour. A magnarack was then used to remove the 

supernatant and the beads were washed twice with 750 µl of IP wash buffer (Table 

2.1). Next, 50 µl of 2× Laemmli buffer was mixed with the beads, boiled at 95°C for 

5 min, and the Magnarack was used to collect the supernatant. A total volume of 10 

µl was used for SDS-PAGE electrophoresis (section 2.2.3.2) and western blotting 

(section 2.2.3.3). 

 

2.2.3.5 Immunocytochemistry 
Immunocytochemistry (ICC) was used to examine the subcellular localisation of 

NHS and CCDC22 proteins. HEK293 cells were seeded (section 2.2.4.4) and 

transfected (section 2.2.4.5) on an 8-well glass chamber slide (VWR). Transfected 

cells were rinsed twice with 1× PBS, fixed with 200 µl of 4% (v/v) paraformaldehyde 

(PFA) (Thermo Scientific) for 10 minutes at 22oC, and rinsed twice with 1× PBS for 

5 minutes. Next, cells were permeabilised with 200 µl of 0.5% (v/v) Triton™ X-100 

(Sigma) for 10 minutes at 22oC, followed by 2 washes of 5 minutes each with 1× 

PBS. Samples were then blocked in blocking buffer (Table 2.1) at 22oC for 45 

minutes, followed by incubation with 200 µl of primary antibodies (Table 2.2) for 1 

hour at 22oC or overnight at 4°C.  Cells were washed 5 times of 5 minutes each with 

1× PBS, and incubated with 200 µl of fluorophore-conjugated secondary antibody 

(Table 2.2) for 1 hour at 22oC, then washed 5 times of 5 minutes each with 1× PBS 

and stained with 4’-6 Diamidino-2-phenylindole (DAPI) diluted at 1:5000 in 1× PBS 

for 2 minutes. The slides were rinsed in 1× PBS and the solution was discarded. 

Two drops of mounting medium was added to the slide and covered with a cover 

slip. The slide was stored overnight at 4°C to set. 
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2.2.3.6 Fluorescence and confocal microscopy 
Transfected HEK293 cells were initially examined on a Nikon Eclipse 80i fluorescent 

microscope, followed by confocal imaging using a Zeiss LSM 700 confocal 

microscope with 40× or 63× oil immersion objectives. The excitation/emission 

spectrum of the channels used: DAPI 364/475-525 nm, Cy2 488/505-530 nm and 

Cy3 543/560 nm. Images were captured using Zeiss microscope software, ZEN 2 

(Carl Zeiss) and exported to Adobe Photoshop (Adobe) for image editing. 

 

2.2.4 Cell based techniques 
Hank’s Balanced Salt Solution (HBSS), 0.05% (v/v) trypsin-EDTA, foetal bovine 

serum (FBS), and Dulbecco’s modified Eagle’s medium F12 with GlutaMAX™ 

(DMEM/F12) were purchased from Life Technologies SC. 6 well plates, 8-well glass 

chamber slides, and T75 flasks were purchased from VWR.  

 

2.2.4.1 HEK293 cell culture 
Human embryonic kidney (HEK293) cell line was obtained from European 

Collection of Cell Cultures (ECCAC). The cells were cultured in DMEM/F12, 

supplemented with 10% (v/v) FBS, 100 U/ml penicillin and 100 µg/ml streptomycin. 

The optimal growth condition for HEK293 cells was 37°C in 5% CO2. Cells were 

passaged every 3-4 days after the confluency reached approximately 90%. Cells 

were gently washed twice with HBSS, trypsinised with 1 ml of trypsin for 2 minutes, 

and resuspended in 9 ml of DMEM/F12.  Cells were seeded in T75 flasks at a 

dilution factor of 1 in 3. 

 

2.2.4.2 Storage of cells 
Cells in T75 flask were trypsinised, resuspended in 9 ml of DMEM/F12, and 

centrifuged at 1,220 ×g (1,000 rpm) for 5 minutes. The supernatant was discarded 

and the pellet was resuspended in 5 ml of freezing media [90% (v/v) FBS and 10% 

(v/v) DMSO]. 1 ml of the culture was added to a vial, which was then transferred to 

a Mr. Frosty and stored at -80°C for 24 hours before storing in liquid nitrogen.   
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2.2.4.3 Reviving stored cells 
Frozen cell cultures were removed from the liquid nitrogen and resuspended in 12 

ml of DMEM/F12 in T75 flask immediately after thawing. Cells were incubated at 

37°C in 5% CO2
 for 24 hours before the culture media was changed.  

 

2.2.4.4 Determination of total cell counts and viable cell number 
A haemocytometer was used to determine the cell counts. The cover slip was 

placed in the centre of the haemocytometer. 10 µl of cell suspension was loaded 

onto the counting chambers and were focused under the light microscope at the 

power of 10× magnification. The cells in the two chambers were counted and mean 

cell count was calculated.  

 

Total cell counts in the culture = Mean cells counts x 104 

Volume of cell culture for seeding in a 6-well plate or an 8-chamber slide (per well)  

= 5 x 105 (6-well plate) or 5 x 104 (8-well chamber slide)/total cell counts in the 

culture  

Each well was topped up to 2 ml (6-well) or 250 µl (8-well) with DMEM/F12. The 

glass slide was pre-treated with poly-L-lysine (Sigma) for 3 hours and was rinsed 

several times with HBSS before seeding with HEK293 cells.  

 

2.2.4.5 Transient transfection  
Transient transfection of plasmid DNA into HEK293 cells was performed using 

TransIT®-LT1 transfection reagent (Cambridge BioScience for Mirus Bio LLC, UK). 

Cells were seeded on a 6-well dish or a glass chamber slide (section 2.2.4.4) and 

incubated at 37°C, 5% CO2
 for 18 hours until 70-80% confluent. Transfection was 

performed as described in Table 2.16. The TransIT®-LT1 transfection reagent was 

warmed to 22oC and vortexed gently before use. The transfection reaction was 

mixed gently by pipetting and incubated at 22oC for 30 minutes before adding to the 

cell culture. The transfected cells were incubated at 37°C, 5% CO2 for 24 hours 

before using them for downstream analysis. 

 

  



 Chapter 2 

 

96 | P a g e  
 

 

Table 2.16 Transient transfection reaction setup 

Component 6-well plate  8-well chamber slide  

Opti-MEM  250 µl 26 µl 

Plasmid DNA 2.5 µg 200 ng 

TransIT®-LT1 transfection reagent 7 µl 0.8 µl 

 

2.2.5 I/i blood group serology 
I/i blood serology was performed by Benjamin Jones from International Blood Group 

Reference Laboratory (IBGRL) Red Cell Reference Laboratory, NHS Blood and 

Transplant, Bristol, United Kingdom. Briefly, blood samples were collected in EDTA 

tubes for I/i blood group typing. Monoclonal anti-I (HIRO-245) from the Japanese 

Red Cross, and polyclonal anti-i (P.E.) from the in-house reference collection were 

tested by standard direct agglutination tube technique and scored according to 

Marsh (Marsh 1972). Expression of i antigen was assessed by titration, using a 

base dilution of 1:40 and then doubling dilutions. An example of adult cells with 

normal I expression (L2325-8) and adult i cells (074-214RF) from the in-house 

reference collection, were included as controls. 
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3 A Genetic Study of Megalocornea  
 

3.1 INTRODUCTION 

3.1.1 Megalocornea 
X-linked megalocornea (MGC1) (MIM: 309300) is an anterior segment dysgeneses 

(ASD), characterised by bilateral enlarged corneas, with a horizontal white-to-white 

(HWTW) measurement of ≥13 mm (measured after the age of two years), reduced 

central corneal thickness (CCT), and deep anterior chamber (AC), without increase 

in intraocular pressure (IOP) (Meire 1994). Other juvenile- and adult-onset features 

include arcus juvenilis (white/grey opaque ring in the corneal margin), mosaic 

corneal degeneration (shagreen), iris transillumination, ectopia lentis, and mild 

cataract (Webb et al. 2012). 

 

3.1.2 Genetics of MGC1 
In 1989, a linkage study performed in a 5-generation family with MGC1 mapped the 

disease locus to DXS87 and DXS94 in Xq21.3-q22 (Chen et al. 1989). Subsequent 

linkage studies conducted by different teams in unrelated MGC1 families mapped 

the locus to Xq12-q26 (Mackey et al. 1991) and Xq21-q22 (Meire et al. 1991). The 

causative gene was later identified when an approximately 250 kb segmental 

deletion encompassing CHRDL1 (Chordin-like 1; MIM: 300350) was found in a 4-

generation MGC1 family using dense X-chromosome-specific array comparative 

genomic hybridisation (aCGH). The deletion segregated with MGC1 in the family 

(Webb et al. 2012). Further screening of the CHRDL1 gene by exon amplification 

and Sanger sequencing in five additional MGC1 families revealed five unique 

mutations, including one nonsense p.(Arg218*), one missense p.(Cys261Phe), one 

splice site, c.301+2T>G, and two frameshift mutations p.(Cys291Leufs*25) and 

p.(Glu34Aspfs*14) (Webb et al. 2012). 

 

In addition, in the 5-generation Tasmanian family which was originally reported by 

Chen et al., (1989), a segmental deletion (270-600 kb) was identified, 

encompassing the entire CHRDL1 gene, extending into the neighbouring gene, 

PAK3, and deleting the first untranslated exon of two PAK3 isoforms (Ensembl 

transcript ID: ENST00000425146.1 and ENST00000446737.1). Mutations in the 

PAK3 gene have been associated with X-linked intellectual disability (XLID; MIM: 
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300558). However, the absence of any developmental or cognitive anomalies in the 

MGC1 patients suggested that important regulatory elements were not disrupted 

(Webb et al. 2012).  

 

The association of CHRDL1 mutations with MGC1 was further confirmed by the 

identification of an additional novel frameshift mutation, p.(Pro56Leufs*8) in a MGC1 

family (Han et al. 2013). All of the mutations identified are predicted to abrogate 

CHRDL1 function. Interestingly, all of the missense mutations found are located in 

the cysteine-rich region of von Willebrand factor C (VWFC) domains in the encoded 

protein, ventroptin, which are predicted to disrupt the interaction with bone 

morphogenetic proteins (BMPs) (Webb et al. 2012). 

 

Thus, at the outset of this study, a total of eight different mutations in the CHRDL1 

gene were reported in eight unrelated MGC1 families (Figure 3.9). The identification 

of CHRDL1 mutations in all MGC1 cases studied suggest that MGC1 is a 

genetically homogeneous condition (Webb et al. 2012; Han et al. 2013). 

 

3.1.3 Ventroptin 
CHRDL1 encodes ventroptin. CHRDL1 expression was detected in the early 

developing human cornea, lens, retina, and in adult cornea and trabecular 

meshwork (Webb et al. 2012). Ventroptin contains three highly conserved cysteine-

rich VWFC domains, which interact with BMPs. Ventroptin acts as a BMP 

antagonist by preventing their interaction with receptors (Sakuta et al. 2001). BMPs 

are members of the transforming growth factor beta (TGF-β) superfamily, some 

members of which are known to play important roles in ocular development 

(Wordinger and Clark 2007). The spatiotemporal concentration of BMPs is tightly 

regulated by several groups of proteins, which include the chordin family (Pfirrmann 

et al. 2014). Studies of ventroptin in chicks have shown that it acts as a BMP4 

antagonist, and is expressed in a double-gradient manner in the retina. Ventroptin is 

important for the establishment of the anteroposterior and dorsoventral axes in the 

retina and tectum and its aberrant expression caused altered topographic 

retinotectal projection (Sakuta et al. 2001). 
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3.1.4 Differential diagnosis of MGC1 and PCG 
Primary congenital glaucoma (PCG) is a genetically heterogeneous ASD, 

characterised by buphthalmos, megalocornea, increased IOP caused by 

accumulation of aqueous humour in the anterior segment, breaks in Descemet’s 

membrane (Haab striae), and corneal oedema. Late detection of PCG can lead to 

visual loss (Kupfer and Kaiser-Kupfer 1979; Meire 1994; Azmanov et al. 2011). 

Autosomal recessive PCG has been associated with mutations in CYP1B1 

(Azmanov et al. 2011), LTBP2 (Ali et al. 2009; Azmanov et al. 2011) and MYOC 

(Kaur et al. 2005). The genetics of PCG is discussed in detailed in chapter 1. In 

some cases, patients with recessive LTBP2 mutations may present with glaucoma 

secondary to congenital megalocornea (Khan et al. 2011; Désir et al. 2010). Thus, 

distinguishing MGC1 from PCG has been clinically challenging due to their 

overlapping features early in life; however, differential diagnosis is vitally important 

due to the different clinical care required for the patients. It was hypothesised that 

the X-linked form of megalocornea, MGC1, is a genetically homogeneous condition 

caused by mutations in CHRDL1. However, in some cases, determining the mode 

of inheritance based on the pedigree, or lack of affected relatives, is difficult and so 

the potential for developing PCG has to be considered. Thus, in this study, genetic 

analysis of 24 families (19 families with a primary diagnosis of megalocornea and 

five families with isolated males diagnosed with PCG) is described, in addition to 

delineation of the diagnostic criteria for MGC1 using detailed clinical phenotype 

information and ocular biometrics in order to facilitate the differential diagnosis of 

MGC1 from PCG. 
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3.2 RESULTS 

3.2.1 Megalocornea families and clinical phenotype 
A total of 19 families diagnosed with megalocornea (Families A-S) were recruited to 

this study (Figure 3.1). Most of the families were referred by Mr. Steve Tuft from 

Moorfields Eye Hospital (Families D, E, F, G, I, K, N, P, R and S); other families 

were recruited by Dr Petra Liskova, Czech Republic (Families H, M, N, and O); Dr 

Jonathan Ruddle, Department of Ophthalmology, Centre for Eye Research, 

University of Melbourne, Victoria, Australia (Families A and Q); Dr Jens Michael 

Hertz, Department of Clinical Genetics, Odense University Hospital, Odense, 

Denmark (Family C); Dr Ir. Kathleen Claes, Universiteit Gent, Belgium (Family J); Dr 

Isabella Russell Eggitt, Great Ormond Street Hospital for Children, London, UK 

(Family D); and Dr Andrea Vincent, University of Auckland, New Zealand (Family B). 

Family C was previously reported, with the proband’s affected great maternal 

grandfather (I:1) corresponding to individual IV:7 in the original article, which had an 

extended version of the pedigree spanning 7 generations with many affected males 

(Rud 1960). The pedigrees of Families A-S are illustrated in Figure 3.1. 

 

The detailed ocular phenotypes of the proband from each megalocornea family are 

described in Table 3.1. Blood samples were donated and genomic DNA was 

extracted from peripheral blood lymphocytes using conventional methodologies 

(section 2.2.1.7). Patients and their relatives were clinically assessed by 

experienced ophthalmologists. Standard evaluation consisted of detailed ophthalmic 

examination, measurement of the axial length of the eye and imaging of the anterior 

segment of the eye with ocular coherence tomography (OCT; Visante, Carl Zeiss 

Meditec), b-scan ultrasonography, and optical interferometry (IOLMaster, Carl Zeiss 

Meditec). 

 

All of the probands from Families A-S displayed a phenotype consistent with MGC1: 

increased corneal horizontal white-to-white (HWTW) diameters (13-16.5 mm), 

reduced CCT (380-475 µm), and deep anterior chambers (4.03-6.50 mm). 

Secondary features including shagreen, arcus juvenilis, and mild iris atrophy with 

pigmentation dispersion. Cataracts were observed in older patients and no 

extraocular phenotypes were observed. Clinical findings are summarised in Table 

3.1. Clinical details of the proband from Family J were not available. All patients 

(0.5-72 years of age), with the exception of the probands from Families N and O, 
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had normal intraocular pressures (IOPs). Representative clinical images of the 

MGC1 patients are shown in Figure 3.2.  

 

In addition to the established MGC1-associated phenotype, affected individuals 

from Families N, O, and P exhibited other ocular features, which suggested that 

their condition could be distinct, and either de novo or recessive, due to the 

pedigree structure and absence of these features in other MGC1 patients (Webb et 

al. 2012, and families in this study).  

 

Family N consisted of two affected males in one generation (II:1 and II:2) (Figure 

3.1). The proband (II:1), now 47 years old, was diagnosed with megalocornea with 

HWTW diameter measuring 15.5 mm, thin CCT of 446 µm (right) and 436 µm (left), 

deep anterior chambers (6.3 mm both eyes) and shagreen. At the age of 39 years, 

the proband was diagnosed with raised IOPs; 22 mmHg (right), and 24 mmHg (left) 

by applanation tonometry. Bilateral peripheral iris transillumination and “snail tracks” 

in Descemet’s membrane (DM) were observed in the proband (Figure 3.3A). Later, 

his IOPs measured with applanation tonometry were 22 mmHg (right) and 13 mmHg 

(left), indicating arrested PCG. Heterochromia with stellate keratic precipitates and 

mild cellular activity in the anterior chamber were observed in his left eye, consistent 

with a diagnosis of Fuchs heterochromic cyclitis. Both of the proband’s optic discs 

were equally small with mild disc cupping asymmetry (Figure 3.3C). However, the 

visual fields were normal and the axial lengths were similar in both eyes, 26.7 mm 

(right) and 26.6 mm (left). Trabeculodysgenesis (immature anterior chamber angles) 

with fine angle vessels in the left eye was observed with gonioscopy. The proband’s 

brother (II:2) was also diagnosed with megalocornea with similar “snail tracks” in 

DM, but without increase in IOPs (12 mmHg in each eye). A recent thorough clinical 

review suggested that the siblings may carry two distinct ocular diseases: 

megalocornea and another ocular condition, which could account for the “snail 

tracks” in DM and increase in IOPs. 
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Figure 3.1 Pedigrees of megalocornea Families A-S. Black shaded squares 

denote clinically and genetically confirmed affected males; grey shaded squares 

denote clinically diagnosed affected males but DNA samples were not available for 

testing; dotted circles denote genetically confirmed carrier females; ?=presumed 

carrier females but DNA samples were not available for testing; clear squares and 

circles denote unaffected individuals. Arrowhead indicates proband in each family.  
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Figure 3.2 Representative clinical images of MGC1 patients. The following 

abbreviations are used: LE, left eye; RE, right eye. (A-D) Individual V:4 from Family 

A  (A) Proband showing enlarged corneal diameter (15 mm), arcus juvenilis (black 

arrow), and marked iris hypoplasia (LE). (B) Anterior chamber angle photograph 

with posterior peripheral iris bowing and atrophic peripheral iris, increase in typical 

pigmentation of the trabecular meshwork present (C) B-mode ultrasound showing 

increased right anterior chamber depth (6.2 mm), and posterior iris bowing in profile 

(D) Retroillumination image showing marked iris transillumination. The outline of the 

lens can be seen through the iris (white arrow) (LE). (E-G) Proband from Family L 

(E-F) Eye images showing megalocornea, iris hypoplasia and the lateral corneal 

profile appeared to be slightly bulged. Arcus juvenilis is present (black arrow). (G) 

Ocular coherence tomography (OCT) image of the right eye shows reduced central 

corneal thickness (382 µm). (H) Pachymetric (oculus) image of individual IV:3 from 

Family M showing reduced central corneal thickness (415 µm) (RE). 
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Figure 3.3 Ocular images of the proband (II:1) from Family N. (A) Image 

showing the presence of “snail tracks” in Descemet’s membrane (black arrows), 

pigment deposition and prominent central corneal shagreen. (B) Non-contact 

specular image of the endothelium of the proband taken over the visual axis. There 

is polymegathism at a cell density of 1713 cells/mm2. (C) Optic disc photographs of 

the proband show discs asymmetry with a larger disc cup in the right eye. No loss of 

the neural rim of the disc and the visual fields were normal. The following 

abbreviations are used: LE, left eye; RE, right eye. 

 
 
Family O consisted of three affected males (II:1, II:2, and IV:1) (Figure 3.1). The 

proband, now 41 years old was diagnosed with bilateral megalocornea with HWTW 

measurements of 16 mm in both eyes and bilateral congenital cataract (Figure 3.4 

and Table 3.1). At the age of 39 years, scotomas were noticed and on clinical 

examination, pigmentary glaucoma was detected in both eyes. He has been on 

topical treatment and his IOPs have been maintained at 14 mmHg. In addition, he 

suffered from psoriasis since childhood.   
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Figure 3.4 Clinical phenotype of the proband (IV:1) from Family O. (A) Image 

showing megalocornea with corneal horizontal white-to-white measurement of 16 

mm. (B) Adult-onset features such as shagreen (white arrow) and arcus juvenilis 

(black arrows) are shown. (C) Optic disc photograph show disc cupping (left eye). 

(D) Image showing cataract (lens opacities indicated by white arrows). The following 

abbreviations are used: LE, left eye; RE, right eye.  

 
 
In Family P, an affected male, now 28 years old, was diagnosed with bilateral 

megalocornea and keratoconus. His corneal HWTW diameters measured 15 mm 

(both eyes). His corneas were diffusely thinned with CCT measurements of 415 µm 

(right eye) and 405 µm (left eye), and the left cornea was markedly ectatic on 

examination by refraction and Pentacam scanning. He also had posterior 

embryotoxon but IOPs were normal in both eyes. The clinical review suggests that 

the occurrence of keratoconus is a chance association. 
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Table 3.1 Ocular phenotype of megalocornea patients 

 
Family A Family B Family C Family D Family E Family F Family G Family H 

V:4 III:2 IV:5 III:1 II:1 II:1 II:1 II:2 
R L R L R L R L R L R L R L R L 

Maternal 
ethnicity White White White White White White White Vietnamese 

Age at last 
follow up (years) 44 3.5 2 18 15 58 1 12 

Refraction 
before surgery 

-9.50/-
1.50x7

0 

-7.25/-
1.00x1

80 
-0.25 -0.25 +1,5/-0,75 

cyl 15 

+1,5/-
0,25 

cyl 149 

-4.75/-
1.0 x 
180 

-3.5/-
2.25 x 
170 

-7.5/-
3.0x20 

-5.5/-
3.75x5 

-2.5/-
1.75x25 

-3.5/-
2.75 

+2.5/-
3.00 x 

40 

+2.75/-
3.75 x 41 

-2.75 D/ -
3.5 cyl 18 

ax 

-3.25 D/ -
2.75 cyl 
162 ax 

Cataract surgery 
(age) 43 43 NA NA - - - - - - 56 42 - - - - 

Retinal 
detachment 

(age) 
- - - - - - - -  - - +(46) - - - - 

Visual acuity 
(Decimal) 1.00 0.67 0.125 0.125 0.50 0.50 1.20 1.20 0.50 0.80 1.20 0.10 0.08 0.08 1.00 0.67 

Iris 
transillumination + + NA NA - - - - - - + + - - - - 

Arcus juvenilis + + - - - - - - - - + + - - + + 

Shagreen + + - - - - - - - - + + - - - - 

Anterior 
chamber (AC) 

depth (mm) 
6.30 6.30 NA NA NA NA 5.08 4.82 5.72 5.78 NA 6.39 4.30 4.40 5.71  5.40  

HWTW (mm) 15 15 13 13 16 15.5 16 16 15 15 15.9 15.9 15 15 13.6 13.5  

Axial length (AL) 
(mm) 27.9 27.9 22.33 21.8 23.8 23.6 26.1 25.4 27.31 26.6 28.69 27.91 21.0 22.5 26.48 26.41 

Central corneal 
thickness (µm) 440 427 NA NA 446 NA 430 470 403 406 470 475 406 406 396 390 

Disc (cup:disc) 0.3 0.3 0.3 0.3 0.1 0.1 0.1 0.1 0.1 0.1 0.3 0.3 0.1 0.1 - - 

AC/AL ratio 0.226 0.226 NA NA NA NA 0.195 0.190 0.209 0.217 NA 0.230 0.205 0.196 0.216 0.204 

IOP (mmHg) 10 11 14 12 11 10 12 12 12 12 18 17 10 10 Normal Normal 

Other - - - - - - - - - - - - - - - - 

The following abbreviations are used: HWTW, cornea horizontal white-to-white diameter; IOP, intraocular pressure; NA, not available. 
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Family I Family K  Family L Family M Family N 

II:1 II:2 II:1 IV:2 IV:3 II:1 II:2 
R L R L R L R L R L R L R L 

Maternal 
ethnicity White White White White White White White 

Age at last 
follow up (years) 52 2 47 9 12 47 NA 

Refraction 
before surgery +1.25 

+1.25/
0.25 x 

95 

+3.0/-
2.25x1

5 

+2.5/-
2.0x5 

+0.5/ -
5.75 x 
172 

0/-3.5 
x 165 

-1.25/ -
2.0 x23 

0/-
2.5x15

0 

+1.5/-
3.0x1 

+0.5/2.75x
180 

+0.50/-1.5 x 
4 

+1.75/-
3.25x163 +0.5 +0.25 

Cataract surgery 
(age) 52 52 - - 47 - - - - -- - 43 - - 

Retinal 
detachment 

(age) 
- - - - - - - - - - - - - - 

Visual acuity 
(Decimal) 1.00 1.00 0.16 0.16 0.333 0.500 0.667 0.667 0.667 0.667 1.00 1.00 1.00 1.00 

Iris 
transillumination + + - - - - - - - - + + - - 

Arcus juvenilis + + - - + + 
+ (only 
partial 

inferiorly) 

+ (only 
partial 
inferior

ly) 

+ (only 
partial 

inferiorly) 

+ (only 
partial 

inferiorly) 
+ + + + 

Shagreen + + - - + + - - - - + + + + 

Anterior 
chamber (AC) 

depth (mm) 
5.9 5.9 4.30 4.50 4.89 4.74 5.24 5.88 5.44 5.90 6.3 6.3 4.86 4.80 

HWTW (mm) 16.5 16.5 15 15 15 15 15 15 14.5 14.5 15.5 15.5 15 15 

Axial length (AL) 
(mm) 25.06 24.94 22.4 21.8 26.09 26.19 27.06 26.77 24.6 25.29 26.7 26.6 NA NA 

Central corneal 
thickness (µm) 450 456 NA NA 382 380  398 398 415  423  446 436 390 392 

Disc (cup:disc) 0.5 0.5 0.1 0.1 0.2 0.3 0.1 0.1 0.2 0.1 0.2 0.3 0.2 0.2 

AC/AL ratio 0.235 0.237 0.192 0.206 0.187 0.181 0.194 0.220 0.221 0.233 0.236 0.237 NA NA 

IOP (mmHg) 18 19 8 9 13 13 8 8 7 8 22 13 12 12 

Other - - - - - - - - - - 
Arrested PCG and “snail 

tracks” in Descemet’s 
membrane 

“Snail tracks” in 
Descemet’s membrane 

The following abbreviations are used: HWTW, cornea horizontal white-to-white diameter; IOP, intraocular pressure; NA, not available. 
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Family O Family P Family Q Family R Family S 

II:1 II:1 II:1 II:1 II:1 
R L R L R L R L R L 

Maternal ethnicity White North African Asian White White 

Age at last follow up (years) 41 27 0.5 2 72 

Refraction 
before surgery 

-7.0=-
1.0/0° 

-9.0=-
1.0/0° 

+0.75/-
3.25x22 

+3.00/-
6.00x125 -1.00 -1.00 +1.00/-

0.5x20 +1.5/-0.5x160 -1.00 -1.00 

Cataract surgery (age) - - - - - - - - - - 
Retinal detachment (age) - - - - - - - - - - 
Visual acuity (Decimal) 0.5 0.25 0.667 0.05 NA NA NA NA NA NA 
Iris transillumination - - - - - - NA NA - - 

Arcus juvenilis Yes Yes + + - - - - - - 

Shagreen Yes Yes - - - - - - - - 

Anterior chamber (AC) depth (mm) 5.68 6.00 5.10 6.00 NA NA NA NA NA NA 

HWTW (mm) 16 16 15 15 13 13 14.75 14.75 13 13 

Axial length (AL) (mm) 29.70 30.16 24.58 25.14 NA NA 21.75 21.8 NA NA 

Central corneal thickness (µm) 376 352 415 405 NA NA 419 409 NA NA 

Disc (cup:disc) 0.35 0.9 NA NA 0.1 0.1 0.1 0.1 0.1 0.1 

AC/AL ratio 0.191 0.199 0.21 0.24 NA NA NA NA NA NA 

IOP (mmHg) 14 14 Normal Normal 12 12 12 13 12 12 

Other Secondary pigmentary 
glaucoma, psoriasis Keratoconus - - - - - - 

The following abbreviations are used: HWTW, cornea horizontal white-to-white diameter; IOP, intraocular pressure; NA, not available. 
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3.2.2 Identification of CHRDL1 mutations in 19 MGC1 families 

CHRDL1 (Ensembl transcript ID: ENST00000372042) consists of 12 coding exons. 

All coding exons and intron-exon boundaries were amplified by PCR (section 

2.2.1.1.1) using CHRDL1 primers (primers and their cycling conditions are listed in 

Appendix A). The PCR products were then resolved by agarose gel electrophoresis 

(section 2.2.1.3), purified (section 2.2.1.4.1), and Sanger sequenced (section 

2.2.1.5) to identify CHRDL1 mutations in the probands. Segregation analyses were 

performed for family members (where available) by PCR amplification and Sanger 

sequencing of the exon carrying the mutation.  

 

Screening of the CHRDL1 gene identified a mutation in each of the 19 MGC1 

families recruited to this study. A total of 15 novel hemizygous mutations were 

identified, which included 3 missense, 5 nonsense, 4 splice site mutations, 2 

frameshift, and a deletion encompassing the entire CHRDL1 gene in two families 

(Figure 3.5, Figure 3.8, and Figure 3.9). A previously reported splice site mutation 

301+2T>G (Webb et al. 2012) was identified in one of the 19 MGC1 families, Family 

H (Figure 3.9).  

 

In Family A, CHRDL1 screening identified a hemizygous missense mutation, 

c.872G>A, p.(Cys291Tyr) in exon 9 in the proband (IV:4). A missense mutation in 

the same exon, c.865T>C, p.(Cys289Arg) was identified in the proband (II:1) from 

Family G. In Family N, the proband (II:1) was found to carry a hemizygous missense 

mutation, c.436T>G, p.(Cys146Gly) in exon 5 and his affected brother (II:2) had the 

same mutation. A unique substitution mutation c.207G>C, which affected the last 

codon of exon 3 was discovered in the proband from Family O (IV:1). It was 

hypothesised that this mutation may affect pre-mRNA splicing. Therefore, the 

Berkeley Drosophila Genome Project (BDGP) splice site prediction program 

(section 2.2.2.2) was used to investigate the potential effect of this mutation on 

splicing. Notably, BDGP predicted that a change of G to C at codon position c.207 

completely abolished the splice donor site (Figure 3.7), and caused an in-frame 

deletion of exon 3, p.(His32_Glu69del), and/or a frameshift premature termination 

mutation, p.(Asn70Valfs*30), thereby supporting the pathogenicity of this mutation 

as a splice site mutation rather than a missense mutation. The mutation segregated 

with the disorder in the family as his mother (III:2) was confirmed as a carrier for the 

mutation. A 1-bp insertion, c.480insC was found in the proband from Family B (III:2), 

which is predicted to cause a premature termination, p.(Lys162Glufs*30). An 
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obligate carrier (II:18) was confirmed to be a heterozygote for the mutation, 

confirming segregation in family. A stop mutation in exon 4, c.240T>A, p.(Cys80*) 

was identified in the proband from Family C (IV:5), and his maternal grandmother 

(II:5) was confirmed to be a carrier. However, his mother’s DNA (III:7) was not 

available for testing. In Family F, a stop mutation in exon 4, c.297C>A, p.(Cys99*) 

was identified in the proband (II:1). In Families I (white Australian) and K (Hassidic 

Jewish), the same stop mutation in exon 4 c.229C>T, p.(Arg77*) was identified. In 

addition, the same splice site mutation, c.94+1G>A was identified in both Families J 

(white Belgian) and M (white Czech). However, no obvious ethnic or geographical 

links were reported between these families, suggesting that it was unlikely to be due 

to a common ancestor. Nonsense mutations, c.1123C>T, p.(Gln375*) in exon 10 

and  c.100G>T, p.(Glu34*) in exon 3 were identified in the probands from Families L 

and E, respectively. Three splice site mutations were identified, including c.1247-

1_1247del (Family D), c.301+2T>G (Family H), and c.1156+1G>T (Family P) 

(Figure 3.9).  

 

Interestingly, all of the missense mutations identified in this study p.(Cys146Gly), 

p.(Cys289Arg), and p.(Cys291Tyr) affected the highly conserved cysteine residues 

within von Willebrand factor C (VWFC) domains (Figure 3.6 and Figure 3.9).  

 
Figure 3.5 shows the point mutations in CHRDL1 identified in Families A-P and 

segregation in each family, where familial samples were available. All of the 

mutations identified are absent in the 1000 genomes, the National Heart, Lung, and 

Blood Institute (NHLBI) Exome Sequencing Project Exome Variant Server (EVS), 

and the Exome Aggregation Consortium (ExAC) databases. The in silico analysis of 

the mutations identified in this study are shown in Table 3.2.  
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Figure 3.5 Identification of CHRDL1 point mutations in MGC1 Families A-P. 

The control sequence electropherogram is shown above the patient 

electropherogram. Segregation analysis was performed where samples from family 

members were available. The mutated nucleotide is highlighted in red. In each 

family, a mutation in CHRDL1 was identified; Family A, c.872G>A, p.(C291Y); 

Family B, c.480insC, p.(K162Efs*30); Family C, c.240T>A, p.(C80*); Family D, 

c.1247-1_1247del; Family E, c.100G>T, p.(E34*); Family F, c.297C>A, p.(C99*); 

Family G, c.865T>C, p.(C289R); Family H, c.301+2T>G; Families I and K, 

c.229C>T, p.(R77*); Families J and M, c.94+1G>A; Family L, c.1123C>T, 

p.(Q375*); Family N, c.436T>G, p.(C146G); Family O, c.207G>C; p.(H32_E69del) 

and/or p.(N70Vfs*30), and Family P, c.1156+1G>T. 
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Figure 3.6 Highly conserved amino acid residues mutated in the MGC1 

families. Multiple sequence alignment of CHRDL1 orthologues performed with 

ClustalW. Three von Willebrand factor C (VWFC) domains are indicated by the grey 

boxes and the amino acid residues mutated in the MGC1 families are depicted by 

(*): Family N, p.(Cys155Tyr); Family G, p.(Cys289Arg); and Family A, 

p.(Cys291Tyr). The mutated residues are highly conserved across species. The 

numbering of the amino acid residues is in accordance with human CHRDL1 

sequence (Ensembl transcript ID: ENST00000372042). The transcript ID for each 

CHRDL1 orthologue is shown.  
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Figure 3.7 Predicted splice donor site disruption caused by c.207G>C 

mutation. Splice site prediction was performed using the BDGP program. The 

predicted donor sites in a wild type sequence of exon 3 and flanking introns are 

shown above the predicted donor sites in the proband from Family O. The wild type 

donor site which splices CHRDL1 exon 3 to exon 4 is highlighted. The change of a 

G (underlined) to a C at codon position c.207 in the patient was predicted to 

abolish the splice donor site. The use of an alternative upstream splice donor site 

is predicted to result in an in-frame deletion of exon 3, p.(His32_Glu69del), whereas 

if the downstream alternative splice donor site was used, it is predicted to cause a 

frameshift premature termination, p.(Asn70Valfs*30).  
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In Family Q, PCR amplification of the CHRDL1 gene identified a potential deletion of 

exon 5 in the proband (II:1) (Figure 3.8A). Failure to amplify CHRDL1 exon 5 using 

CHRDL1 Ex5 primer pair (Appendix A) may have been due to the presence of a 

polymorphism at the primer binding site. Therefore, a primer pair with different 

priming sites (CHRDL1 Ex5a primer pair; Appendix A) was designed to amplify exon 

5 and its intron-exon boundaries. The absence of a PCR amplification product 

confirmed the likelihood of a deletion of CHRDL1 exon 5 in the proband (Figure 

3.8A). Multiple primer pairs were then designed to define the deletion breakpoints: 

CHRDL1 In4-5a (P1), CHRDL1 In 4-5b (P2), CHRDL1 In4-5c (P3), CHRDL1 In4-5d 

(P4), CHRDL1 In4-5e (P5), and CHRDL1 In5-6a (P6) (Appendix A). Using the 

proband’s DNA as the template, PCR amplification using primer pair P1, P2, P3, P4, 

or P6 produced a specific product; whereas no amplicon was produced when primer 

pair P5 was used (red dashed box, Figure 3.8B). PCR amplification using control 

DNA sample was performed alongside for comparison purposes. Figure 3.8C shows 

a schematic of the primer pair binding sites and the presence (+) or absence (-) of a 

PCR product in the proband.   

 

To pinpoint the deletion breakpoint, long range PCR was performed (section 

2.2.1.1.3) using CHRDL1 In4-5dF (P4F) and CHRDL1 In5-6aR (P6R) spanning the 

deletion. PCR amplification resulted in a 3 kb amplified product, which was 

approximately 9 kb shorter than the expected size (Figure 3.8C). The PCR product 

was then purified (section 2.2.1.4.1) and Sanger sequenced (section 2.2.1.5), which 

confirmed a 9,033 bp deletion and 8 bp insertion 

(g.109964279_109973310delinsTTATGCTA), encompassing exon 5 of CHRDL1 

(Figure 3.8C). This deletion is predicted to result in a frameshift and premature 

termination, p.(Glu101Glyfs*42).  

 

In Families R and S, screening of the CHRDL1 gene by PCR suggested the entire 

CHRDL1 gene was deleted (all 12 exons) (Figure 3.8D). Primer pairs, to the nearest 

proximal and distal genes to CHRDL1, RGAG1 Ex4 and PAK3 Ex1 (Appendix A), 

were then designed. Successful amplification of the closest exons of the RGAG1 

and PAK3 genes confirmed that the CHRDL1 deletions identified do not extend to 

the neighbouring genes (Figure 3.8D and 3.8E). All of the CHRDL1 mutations 

identified in this study are illustrated in Figure 3.9, in addition to mutations identified 

in other studies.  
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Figure 3.8 Identification of segmental deletions encompassing CHRDL1. (A) 

Agarose gel image shows deletion of CHRDL1 exon 5 in the proband from Family Q 

using two different primer pairs (CHRDL1 Ex5 and CHRDL1 Ex5a). (B) Agarose gel 

image showing PCR amplification results using multiple primer pairs to define the 

deletion breakpoints. No product was amplified using primer pair P5 (red dashed 

box); C, control; NTC, non-template control. (C) Schematic showing the position of 
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primer pair binding sites used to define the deletion breakpoints. The schematic is 

not to scale. (+), and (-) denote the presence or absence of an amplicon, 

respectively. The primer pair (red arrows) used to perform long range PCR resulted 

in a 3 kb amplicon, confirming a ~9 kb deletion. Sequence electropherogram 

confirms a 9,033 bp deletion and 8 bp insertion in the proband, g.109964279-

109973310delinsTTATGCTA. (D) Agarose gel images show deletion of the entire 

CHRDL1 gene (exon 1 to exon 12) in the probands from Families R and S. The 

flanking genes, RGAG1 and PAK3 are present. (E) Schematic showing the absence 

of the CHRDL1 gene and the presence of RGAG1 and PAK3.  
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Table 3.2 In silico analysis of CHRDL1 mutations 
 

  

Family Nucleotide change Protein change 
Polyphen 2 

(human variation 
score 0-1) 

SIFT 
(tolerance 
index 0-1) 

Blosum 62 
score 

(-4 to 11) 
1000 

Genomes 
NHLBI EVS 
total alleles 

ExAC total alleles 

Het. Hemi./ 
Homo. 

A c.872G>A p.(Cys291Tyr) PRD (0.998) T (0.1) -2 0 0/10,562 0/87,748 0/87,748 

B c.480insC p.(Lys162Glufs*30) NA NA NA 0 0/10,562 0/87,368 0/87,368 

C c.240T>A p.(Cys80*) NA NA NA 0 0/10,562 0/87,604 0/87,604 

D c.1247-1_1247del p.? NA NA NA 0 0/10,562 0/87,401 0/87,401 

E c.100G>T p.(Glu34*) NA NA NA 0 0/10,562 0/84,068 0/84,068 

F c.297C>A p.(Cys99*) NA NA NA 0 0/10,562 0/87,630 0/87,630 

G c.865T>C p.(Cys289Arg) PRD (0.998) D (0) -3 0 0/10,562 0/87,748 0/87,748 

H c.301+2T>G p.? NA NA NA 0 0/10,562 0/85,740 0/85,740 

I c.229C>T p.(Arg77*) NA NA NA 0 0/10,562 0/87,573 0/87,573 

J c.94+1G>A p.? NA NA NA 0 0/10,562 0/86,124 0/86,124 

K c.229C>T p.(Arg77*) NA NA NA 0 0/10,5622 0/87,574 0/87,574 

L c.1123C>T p.(Gln375*) NA NA NA 0 0/10,562 0/87,576 0/87,576 

M c.94+1G>A p.? NA NA NA 0 0/10,562 0/86,124 0/86,124 

N c.436T>G p.Cys146Gly PRD (0.966) D (0) -3 0 0/10,562 0/87,717 0/87,717 

O c.207G>C  p.(His32_Glu69del) 
and/or 

p.(Asn70Valfs*30) 

NA NA NA 0 0/10,562 0/87,210 0/87,210 

P c.1156+1G>T p.? NA NA NA 0 0/10,562 0/86,389 0/86,389 

Q g.109964279_1099733
10delinsTTATGCTA 

p.(Glu101Glyfs*42) NA NA NA 0 0/10,562 0/87,610 0/87,610 

R Whole gene deletion No protein NA NA NA NA NA NA NA 

S Whole gene deletion No protein NA NA NA NA NA NA NA 

Abbreviations are as follow: NA, not available; NHLBI EVS, National Heart, Lung, and Blood Institute (NHLBI) Exome Sequencing Project Exome Variant Server (EVS); ExAC, 
Exome Aggregation Consortium; Hemi., hemizygote; het., heterozygote; homo., homozygote. In silico analysis of rare CHRDL1 variants identified is presented. Polyphen 2 
appraises mutations quantitatively as benign, possibly damaging or probably damaging (PRD) based on the model’s false positive ratio. SIFT results are reported to be 
tolerant (T) if tolerance index is ≥0.05 or damaging (D) if tolerance index is <0.05. Blosum62 substitution matrix score positive numbers indicate a substitution more likely to 
be tolerated evolutionarily and negative numbers suggest the opposite. The cDNA is numbered according to Ensembl transcript ID ENST00000372042. 
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Figure 3.9 Summary of all CHRDL1 mutations identified in MGC1 families. (A) Schematic of CHRDL1 protein domains. The following 

abbreviations are used: SP, signal peptide; VWFC, von Willebrand factor C. (B) Schematic of the CHRDL1 gene, consisting of 12 exons 

(depicted by black bars). (C) Previously reported CHRDL1 mutations in MGC1 families (Webb et al. 2012; Han et al. 2013). (D) All CHRDL1 

mutations identified in 19 MGC1 families in this study (Families A-S) including frameshift, splice site, nonsense, missense mutations, and entire 

gene deletion.  
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3.2.3 Screening of LTBP2 and CYP1B1 in Families N and O with MGC1 
and glaucoma 

A missense mutation in the CHRDL1 gene, p.(Cys146Gly) affecting the von 

Willebrand factor C domain of CHRDL1 and a splice site mutation c.207G>C, which 

is predicted to result in exon 3 deletion (His32_Glu69del) and/or a frameshift and 

premature termination mutation, p.(Asn70Valfs*30), were identified in MGC1 

Families N and O, respectively (Figure 3.9).  

 

Intriguingly, in addition to the MGC1-associated ocular phenotypes, that include 

increased corneal diameter, deep anterior chamber, and reduced CCT, the 

probands from Families N and O developed increased IOPs, as described in section 

3.2.1. In addition, “snail tracks” in the Descemet’s membrane (DM) were reported in 

the proband (II:1) and his affected brother (II:2) from Family N, although his brother 

had normal IOPs (section 3.2.1).  

 

From a total of 24 unrelated families with a mutation in CHRDL1, increased IOPs 

have never been reported in any MGC1 patients with an age range of 0.5 to 72 

years (Webb et al., 2012 and this study). Thus, it was hypothesised that the 

CHRDL1 mutations identified in Families N and O most likely account for the 
MGC1-associated phenotype, whereas the increased IOP may be attributable to a 

separate genetic cause. 

 
Based on the preliminary diagnosis of arrested primary congenital glaucoma (PCG) 

in the proband from Family N, genes that have been associated with recessive PCG, 

CYP1B1 (Abu-Amero et al. 2011) and LTBP2 (Ali et al. 2009) were screened by 

PCR amplification (section 2.2.1.1.1) and Sanger sequencing (section 2.2.1.5). All 

of the exons and exon/intron boundaries were amplified using primers listed in 

Appendix A; LTBP2 (36 exons; Ensembl transcript ID: ENST00000261978) and 

CYP1B1 (3 exons; Ensembl transcript ID: ENST00000260630.3).  

 

However, no potentially disease-associated variants were identified in either gene in 

the proband from Family N, suggesting that the additional ocular phenotypes are 

caused by mutation(s) in an unknown PCG gene, or mutations in the non-coding 

regions or copy number variations of LTBP2 or CYP1B1, which would not be 

detected using this screening method, or the involvement of genetic modifier. It is 
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also possible that environmental causes account for the additional ocular features in 

this individual. 

 

Similarly, screening of the CYP1B1 gene was performed for the proband from 

Family O, who was diagnosed with megalocornea and pigmentary glaucoma; no 

mutation was identified in the coding exons of CYP1B1. Screening of the LTBP2 

gene was not performed due to inadequate DNA sample. The CHRDL1 mutation 

accounts for the MGC1-associated phenotype in this family, however, the cause(s) 

of glaucoma in these two families remains unsolved.  

 

3.2.4 Absence of CHRDL1 mutations in families with primary 
congenital glaucoma  

To further investigate the phenotypic homogeneity (or heterogeneity) of ocular 

phenotypes associated with CHRDL1 mutations, five families with isolated males 

diagnosed with primary congenital glaucoma (PCG) but without a compelling 

causative mutation in known PCG-associated genes, CYP1B1 and LTBP2 were 

screened for mutations in CHRDL1 (Figure 3.10). All of the probands from these 

families were diagnosed with PCG, and reportedly have “large corneas”. The 

probands from Families DG and TA had increased CCT; other ocular details were 

not available. Families DG, TA, and FM were recruited by Mr. Steve Tuft from 

Moorfields Eye Hospital, whereas Families EB and AS were referred from University 

Hospital of Ghent (Belgium) by Dr Françoise Meire and Dr Olivier Vanakker, 

respectively.  

 

 
Figure 3.10 Males diagnosed with primary congenital glaucoma. Black shaded 

squares denote clinically affected males; clear squares and circles denote 

unaffected individuals. Arrowhead indicates proband in each family. 

 
 
Family DG consisted of an affected white male, now 40 years old, with healthy 

unrelated parents. The proband was diagnosed with PCG and congenital cataract. 
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His right eye is blind with a prosthetic eye. His CCT was increased (764 µm, left 

eye). He had left corneal decompensation and underwent Descemet's stripping 

endothelial keratoplasty (DSAEK). He is on topical treatment and his IOP has 

currently been maintained at 11 mm Hg.  

 

In Family TA, an affected white male, now 34 years old, was diagnosed with PCG 

and congenital cataract. He had ocular problems from congenital glaucoma that 

resulted in the development of cataract as well as corneal decompensation. He 

underwent bilateral cataract extractions and bilateral DSAEKs. Surgery to the left 

eye was complicated by the development of retinal detachment and subsequent 

dislocation of the left intraocular lens. Most of his visual loss is the result from 

permanent damage from his glaucoma. He is on topical treatment and his IOPs 

have currently been maintained within normal limits, 15 mmHg (right eye), and 14 

mm Hg (left eye). His CCT were increased, 733 µm (right eye) and 604 µm (left eye). 

 

Family FM consisted of an affected male, now 40 years old, who was diagnosed 

with PCG. He had corneal decompensation in both eyes and underwent right and 

left DSAEK at the age of 35, and 36 years, respectively. He is currently on topical 

treatment, which maintained his IOPs within the normal limits, 10 mmHg (right eye), 

and 13 mm Hg (left eye). 

 

Family EB consisted of an affected white male, now 6 years old, with healthy 

unrelated parents. The proband was diagnosed with bilateral megalocornea (15 mm 

both eyes) and PCG. No other clinical features have been reported. 

 

In Family AS, an affected Indian male, now 15 years old, was diagnosed with 

bilateral megalocornea, juvenile glaucoma with the presence of Haab's striae and 

underwent trabeculotomy. He had pectus excavatum and his development has been 

normal. No family history is available as the patient was adopted.  

 
The diagnosis of PCG or juvenile glaucoma in these families, and their potential for 

autosomal receive inheritance was consistent with the glaucoma-associated with 

mutations in CYP1B1 and LTBP2. These genes were therefore screened by PCR 

amplification and Sanger sequencing as described in section 3.2.3.  

 

Screening of the LTBP2 gene in Family DG revealed a very rare heterozygous 

missense variant in exon 16, c.2648C>T, p.(Ala883Val) (rs770919649; Ensembl 
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transcript ID: ENST00000261978) (Figure 3.11A). This variant is absent in the 1000 

Genomes, NHLBI EVS but is found in the heterozygous state at a frequency of 

1/99,366 alleles (1 European heterozygote), in the ExAC database. The low 

frequency of this variant in the population is consistent with a recessive allele that is 

pathogenic. DNA samples from the parents were not available so a segregation 

analysis could not be performed. Multiple sequence alignment analyses of LTBP2 

orthologues using ClustalW (section 2.2.2.3) revealed that the amino acid residue, 

which is located within the EGF-like 4 (epidermal growth factor-like) domain (844-

886 amino acid) (InterPro ID: IPR000742) is only partially conserved across 

different species (Figure 3.11B). EGF-like 4 domains are found in the extracellular 

domain of membrane-bound proteins or in proteins known to be secreted. However, 

the biological function of this domain in LTBP2 is unknown (InterPro) (section 

2.2.2.13).  

 

All of the previously reported disease-causing LTBP2 mutations are either 

homozygous or compound heterozygous. Therefore, a heterozygous variant alone 

is unlikely to be causative of his condition. The LTBP2 gene screening employed in 

this study covered only coding exons and splice sites, therefore changes in the 

introns, upstream or downstream regions would not be identified. Due to the large 

size of the intronic regions, it was impractical to amplify all of the intronic regions by 

PCR. Therefore, LTBP2 was investigated at the RNA level in order to detect any 

change in the normal expression and splicing of LTBP2 in this patient. The aim of 

this experiment was to determine if heterozygosity of the potential mutation in exon 

16 was present in the resulting transcripts. The absence of heterozygosity at this 

position would otherwise suggest that only one allele was expressed due to an 

upstream or intronic mutation. 

 

In order to investigate LTBP2 expression and splicing in the patient, tissue that 

expressed LTBP2 and was readily attainable was required. Therefore, the 

expression of LTBP2 in human whole blood was examined using publicly available 

RNA sequencing (RNA-Seq) data from the Human BodyMap 2.0 project. This 

confirmed the expression of LTBP2 (presumably low level) in human lymphocytes. 

A fresh blood sample was then collected from the proband, followed by total RNA 

extraction (section 2.2.1.8) and cDNA synthesis (section 2.2.1.11). Due to the low 

level of LTBP2 expression in blood, a nested PCR (section 2.2.1.1.4) was 

performed using cDNA derived from the patient lymphocytes. Primer pair LTBP2 

Ex9_21 (Appendix A), amplifying exons 9 to 21 was used in the first round of PCR, 
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expected to result in a 1,439 bp product, followed by a subsequent PCR using 

primer pair LTBP2 Ex10_20 (Appendix A), which amplified exons 10 to 20 (Figure 

3.11C). The PCR product of 1,161 bp produced by the second PCR run, which 

encompassed the heterozygous variant, c.2648C>T was then Sanger sequenced 

using amplification forward primer (LTBP2 Ex10_20F) and two internal sequencing 

primers (LTBP2 cDNA11F and LTBP2 cDNA12F; Appendix A). Sequencing of the 

cDNA product revealed a likely skewed allelic expression, with a higher expression 

of the mutant allele T compared to the wild type allele C at LTBP2 codon position 

c.2648. In each sequencing reaction using different primers, there appeared to be a 

much lower level of the wild type transcript. Although the method is only semi-

quantitative, this indicated potential reduced expression of the wild type allele at the 

RNA level in the patient (Figure 3.11D).  

 

Given that the expression of a gene is usually controlled by regulatory elements in 

the 5’UTR and upstream regions, potential or predicted regulatory regions were 

investigated in the 5’UTR of the LTBP2 gene using the Ensembl (section 2.2.2.8) 

and UCSC (section 2.2.2.26) genome browsers, which revealed a predicted 

regulatory feature of 1,436 bp, ENSR00000098764 (Chr14: 75,078,425-75,079,734) 

spanning the upstream region and 5’UTR of LTBP2 (Figure 3.11E). The binding 

sites for several transcription factors were noted within this region, including 

transcription factors CTCF, GR, Pol12, E2F6, TAF1, TAF7, Rad21, CCNT2, ATF3, 

YY1, SMC3, ZBTB7A, Egr-1, Znf143, and CTCFL (Figure 3.11E). These 

transcription factor binding sites were identified by ChIP-seq (chromatin 

immunoprecipitation) assays with antibodies specific to the transcription factor 

followed by sequencing of the precipitated DNA using different human cell lines, 

which was performed as part of the ENCODE project. Two primer pairs were then 

designed (LTBP2_5UTR2 and LTBP2_5UTR3; Appendix A) to PCR amplify and 

Sanger sequence this predicted regulatory region using the patient genomic DNA 

sample; however, no variants were identified.  

 

Screening of the CYP1B1 gene did not identify any mutation in the proband from 

Family DG. Thus, although a compelling rare missense variant was identified in 

LTBP2, and a preliminary expression study showed potential reduced expression of 

the wild type LTBP2 allele in this proband, the association of the LTBP2 variant with 

PCG phenotypes in this family could not be confirmed.  
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Figure 3.11 Identification of an LTBP2 heterozygous missense variant and 

LTBP2 expression in patient lymphocytes. (A) Sequence electropherogram 

shows a heterozygous variant in LTBP2, c.2648C>T, p.(Ala883Val) in the proband 

from Family DG. Control sequence electropherogram is shown above patient 

sequence. (B) Multiple sequence alignment of nine LTBP2 orthologues using 

ClustalW showing partial conservation of the alanine residue (highlighted in red). (C-

D) Expression analysis of the LTBP2 gene using RNA extracted from patient 

lymphocytes. (C) Agarose gel images show the nested PCR products from patient 

blood-derived cDNA. The first primer pair amplified LTBP2 exons 9 to 21, whereas 

the second primer pair targeted exons 10 to 20. The first PCR produced multiple 

products. The expected product (1,439 bp) was visible but very faint. The product of 

interest (1,161 bp) was enriched after the nested PCR run. (D) Sequence 

electropherograms showing reduced expression of wild type allele C in the patient-
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derived cDNA using different sequencing primers, in contrast to the equal peak 

height (wild type allele C and mutant allele T) in patient genomic DNA (top trace). 

Control sequence electropherograms show homozygous wild type allele C at codon 

position c.2648 in both genomic and cDNA. The PCR template and sequencing 

primers (in parentheses) are shown. The numbering of cDNA and protein is in 

accordance to LTBP2 Ensembl transcript ID: ENST00000261978. (E) Predicted 

regulatory region in the upstream 5’UTR of the LTBP2 gene. Schematic of LTBP2 

genomic position and gene structure. Arrowheads indicate gene orientation. Black 

bars represent coding exons and exon numbers are indicated above the bars. A 

regulatory feature, ENSR00000098764 (grey bar below the exons) spanning the 

upstream region and 5’UTR of LTBP2 was identified. Coloured bars show the 

transcription factors that bind to the genomic DNA, as assayed by ChIP-seq from 

the ENCODE project. The darkness of the bar is proportional to the maximum signal 

strength observed in the cell line (adapted from UCSC genome browser).  

 
In Families EB, FM, and TA, screening of LTBP2 and CYP1B1 by PCR amplification 

and Sanger sequencing did not identify any mutation in the coding exons and splice 

sites of either gene. However, mutations in the introns, non-coding regions or copy 

number variations of LTBP2 and CYP1B1 cannot be excluded. Screening of the 

LTBP2 gene in the proband from Family AS was performed by the referring centre 

using Multiplex Ligation-dependent Probe Amplification (MLPA) and array 

comparative genomic hybridisation (aCGH), which did not detect any point 

mutations and copy number variations of LTBP2. Screening of the CYP1B1 gene 

was also negative. Thus, the genetic cause(s) of PCG in these families remains to 

be resolved given the absence of compelling variants in PCG-associated genes. 

 
Due to the presentation of relatively large corneas (based on physical examination) 

in the probands from these PCG families and potential X-linked inheritance of the 

condition, this prompted screening of the CHRDL1 gene. All coding exons and 

splice sites of CHRDL1 were PCR amplified and Sanger sequenced as described in 

section 3.2.2. However, no mutation in CHRDL1 was identified, confirming that 

CHRDL1 mutations are not causative of the ocular phenotype in these families, 

which further supports the phenotypic homogeneity of MGC1.  
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3.3 DISCUSSION 
3.3.1 Genetic homogeneity of MGC1 
X-linked megalocornea (MGC1) is an anterior segment dysgenesis (ASD), 

characterised by bilateral enlarged corneas (≥13 mm measured after the age of two 

years), deep anterior chamber, and reduced central corneal thickness (CCT). Other 

secondary features include arcus juvenilis, shagreen, iris transillumination, ectopia 

lentis, and mild cataract (Webb et al. 2012 and this study). 

 

Mutations in the CHRDL1 gene have been identified as the genetic causes of 

MGC1. In this study, we extended the number of CHRDL1 mutations by identifying 

16 CHRDL1 mutations (15 novel) in 19 MGC1 families. These mutations included 

three missense [p.(Cys146Gly), p.(Cys289Arg) and p.(Cys291Tyr)], five nonsense 

[p.(Glu34*), p.(Arg77*), p.(Cys80*), p.(Cys99*), and p.(Gln375*)], five splice site 

mutations (c.207G>C, c.301+2T>G, c.94+1G>A, c.1156+1G>T, and c.1247_1247-

1delGG), two frameshift [p.(Glu101Glyfs*42) and p.(Lys162Glufs*30)] and deletion 

encompassing the entire CHRDL1 gene (Figure 3.9). Thus, a mutation in CHRDL1 

was identified in all patients recruited to this study with a diagnosis of MGC1, 

confirming the genetic homogeneity of MGC1.  

 

3.3.2 CHRDL1 encodes ventroptin- a BMP antagonist 
CHRDL1 encodes ventroptin protein, which acts as a bone morphogenetic protein 

(BMP) antagonist, by binding to the BMPs and preventing their interaction with 

receptors (Sakuta et al. 2001). Ventroptin was identified as an antagonist of BMP4, 

which modulates retinal angiogenesis through regulation of BMP4 activity in 

endothelial cells (Kane et al. 2008). BMPs are secreted proteins that are members 

of the transforming growth factor beta (TGF-β) superfamily. Proteins in this pathway 

are known to play important roles in multiple cellular processes such as 

morphogenesis, cell proliferation and apoptosis, extracellular matrix synthesis, and 

ocular development (Wordinger and Clark 2007). For example, mutations in latent 

transforming growth factor beta binding protein 2 (LTBP2) are associated with 

autosomal recessive primary congenital glaucoma (Ali et al. 2009), 

microspherophakia and/or megalocornea, with or without secondary glaucoma 

(Désir et al. 2010; Khan et al. 2011), and Weill-Marchesani syndrome 3 (MIM: 

614819), which is characterised by ectopia lentis, increased IOPs, reduced anterior 

chamber depth, microspherophakia, brachydactyly, joint stiffness, and pulmonary 

and aortic stenosis (Haji-Seyed-Javadi et al. 2012). BMP4 mutations cause 
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syndromic microphthalmia (MIM: 607932) (Reis et al. 2011) and mutations in GDF3 

(growth differentiation factor 3; MIM: 606522), which encodes a protein of BMP 

family, result in a spectrum of ocular anomalies including Klippel-Feil syndrome 

(MIM: 613702), microphthalmia with coloboma (MIM: 613703), and isolated 

microphthalmia (MIM: 613704) (Ye et al. 2010).  

 

The concentration of active BMP ligands is tightly regulated by several secreted 

proteins, including the chordin family. Ventroptin contains a signal peptide and three 

cysteine-rich von Willebrand factor C (VWFC) domains, which are critically 

important for interaction with bone morphogenetic proteins (BMPs) (Abreu et al. 

2002; Rider and Mulloy 2010). Interestingly, all missense mutations identified in this 

study and a previous study (Webb et al. 2012), p.(Cys146Gly), p.(Cys289Arg), 

p.(Cys291Tyr), and p.(Cys261Phe) altered the highly conserved cysteine residues 

within the VWFC domains. This suggests that these missense mutations may 

abrogate the interaction of ventroptin with BMPs, thereby supporting the 

pathogenicity of these mutations. Other mutations identified in this study including 

splice site, nonsense, frameshift mutations and entire CHRDL1 deletions are 

predicted to result in a loss of function of CHRDL1. Notably, a recent study has 

shown that knockdown of chrdl1 in Xenopus embryos produced an ocular 

phenotype resembling the human MGC1 phenotype such as enlargement of eye 

globes, and ectopic pupil and lens (Pfirmann et al., 2015), confirming the conserved 

function of CHRDL1.   

 

3.3.3 Phenotypic homogeneity of MGC1 
The detailed ocular phenotype from MGC1 families in this study, taken together with 

previously described cases (Webb et al. 2012) confirmed the phenotypic 

homogeneity of MGC1. All of the MGC1 patients displayed bilateral enlarged 

corneas with horizontal white-to-white (HWTW) diameters ranging from 13-16.5 mm, 

reduced central corneal thickness (CCT) (380-475 µm), and deep anterior chambers 

(AC) (4.03-6.50 mm). Secondary features such as shagreen, arcus juvenilis, iris 

transillumination, and cataract were observed in older patients.  

 

Normal intraocular pressures (IOPs) were noted in all examined patients (Table 3.1), 

except for the probands from Families N and O. Screening of all coding exons and 

splice sites of LTBP2 and CYP1B1 did not identify any mutation, although mutations 

in the non-coding regions or copy number variations of these genes, which would 
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not be detected using this screening method cannot be excluded. The occurrence of 

glaucoma in these families may be due to genetic modifiers, since no older MGC1 

patients with a mutation in CHRDL1 have developed a glaucoma phenotype. 

Furthermore, intrafamilial variable expressivity was observed in Family N as the 

proband developed increased IOP, whereas his affected brother, who has a classic 

MGC1 phenotype and also carried the same CHRDL1 mutation, had normal IOPs. 

Although it cannot be ruled out that increased IOP may be an additional feature of 

MGC1, CHRDL1 mutations are unlikely to cause glaucoma in isolation. Similarly, 

the keratoconus (KC) phenotype observed in the proband from Family P is likely a 

chance association due to the high incidence of KC in the general population 

(approximately 1 in 2,000) (Rabinowitz 1998). The genetic cause of the KC in 

Family P was not investigated due to the poorly understood etiology of KC 

(Davidson, Hayes, et al. 2014). 

 

Detailed ocular measurements were not available for one of the 19 MGC1 families 

recruited to this study. Thus, by combining the ocular measurements of 18 MGC1 

families from this study and 6 MGC1 families from a previous study (Webb et al. 

2012), the age-stratified comparison of ocular biometry between MGC1 patients and 

a healthy population was assessed (Table 3.3). Previous studies on AC and axial 

length (AL) in the general population suggest a slight difference in AC and AL 

measurements in children and adults (predominantly white), whereas meta-

analysis-generated CCT measurements suggest that there was no clear impact of 

age on CCT values in the white population (Doughty and Zaman 2000) (Table 3.3). 

The comparison of ocular biometry between the MGC1 cohort and a normal 

population demonstrates markedly skewed measurements, including CCT, AC 

depth, AC/AL length, and corneal diameter in the MGC1 patients, without overlap 

with the normal population (Figure 3.12 and Figure 3.13).  
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Table 3.3 Age-stratified comparison of ocular biometry between MGC1 
patients and the normal population  

Ocular 
biometry 

MGC1 patients Normal population 

HWTW 

diameter 

(mm) 

Mean = 14.69 (<12yo; n = 26; 1SD = 0.93) 

Mean = 15.16 (≥12yo; n = 30; 1SD = 0.93) 

Mean = 14.94 (0.5-72 yo; n = 56; 1SD = 0.95) 

<13  (measured after age of 2 years) 

(Meire 1994) 

CCT (µm) 

Mean = 410.00 (<12yo; n = 11; 1SD = 23.44) 

Mean = 414.38 (≥12yo; n = 34; 1SD = 34.82) 

Mean = 413.31 (0.5-72 yo; n = 45; 1SD = 32.22) 

Mean = 535  (1SD = 31 ; white adults) 

(Doughty and Zaman 2000) 

AC depth 
(mm) 

Mean = 5.44 (<12yo; n = 10; 1SD = 1.08) 

Mean = 5.93 (≥12yo; n = 29; 1SD = 0.72) 

Mean = 5.81 (0.5-72 yo; n = 39; 1SD = 0.839) 

Mean = 3.34  (SEM = 0.01; 6-7 yo; n = 
1726; 64% white, 36% other ethnicity) 
(Ojaimi et al. 2005) 
Mean = 3.11 (1SD = 0.37; 58-100 yo; n 
= 1675; white population) 
 (Lee et al. 2009) 

AL (mm) 

Mean = 23.39 (<12yo; n = 16; 1SD = 1.81) 

Mean = 26.47 (≥12yo; n = 28; 1SD = 1.44) 

Mean = 25.35 (0.5-72 yo; n = 44; 1SD = 2.16) 

Mean = 22.61  (SEM = 0.02; 6-7 yo; n = 
1716; 64% white, 36% other ethnicity) 
(Ojaimi et al. 2005) 
Mean = 23.69  (1SD = 1.16; 58-100 yo; 
n = 1967; white population) 
(Lee et al. 2009) 

AC/AL 

ratio 

Mean = 0.227 (<12yo; n = 10; 1SD = 0.036) 

Mean = 0.230 (≥12yo; n = 27; 1SD = 0.032) 

Mean = 0.229 (0.5-72 yo; n = 37; 1SD = 0.032) 

<0.19 

The following abbreviations are used: AC, anterior chamber; AL, axial length; CCT, central corneal 

thickness; HWTW, cornea horizontal white-to-white diameter; n, number of eyes measured; SD, standard 

deviation; SEM, standard error of mean; yo, years old. The ocular measurements of the MGC1 patients 

were obtained from Webb et al. 2012 and this study. 

  

This demonstrates that in MGC1 patients, CCT is significantly thinner and the AC 

depth is markedly deeper than the normal population, which results in a high AC/AL 

ratio (mean = 0.229; n = 37; 1SD = 0.032) (Table 3.3). CCT is a highly heritable 

quantitative trait (h2>0.9) and normally distributed in the general population (Dimasi 

et al. 2010). CCT has been studied in different genome-wide association (GWA) 

and single nucleotide polymorphism (SNP) association studies due to the 

association of reduced CCT with primary open angle glaucoma (POAG). POAG is a 

common (approximately 1.86% in individuals ≥40 years old; risk increased by age) 

and genetically complex ocular condition (Abu-Amero et al. 2015). Although many 

studies have been performed to identify SNPs associated with POAG and its 

quantitative endophenotype traits including CCT, IOP, cup/disc ratio, and optic disc 

area, SNPs on the X-chromosome have not been well investigated. Since the 

findings from this study show reduced CCT in MGC1 patients with a mutation in 
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CHRDL1, SNPs on the X-chromosome were tested for association with CCT in the 

general population (1,957 white British female participants from the TwinsUK 

cohort) using SNP genotyping array data, by our collaborators Prof Hammond and 

Dr Hyssi. Notably, a SNP located in CHRDL1 intron 6, rs149956316 was identified 

by genomic imputation to be the most significant variant associated with CCT 

across the entire X-chromosome with a p value of 6.81 x 10-6. However, this result 

could not be replicated in another subset of 760 individuals from the TwinsUK 

cohort, which is likely to be due to insufficient power of the study or imputation error. 

 

 

 
Figure 3.12 Comparison of CCT and anterior chamber depth between the 

MGC1 cohort and the normal population. CCT and anterior chamber depth 

measurements in MGC1 patients are markedly skewed compared to the general 

population. Data for the MGC1 patients was obtained from this study and a previous 

study (Webb et al. 2012), and includes children and adults, whereas the shaded 

circle indicates the estimated measurements (measurements include children and 

adults) in the normal population derived from previous reports (Doughty and Zaman 

2000; Ojaimi et al. 2005; Lee et al. 2009). The following abbreviations are used: 

CCT, central corneal thickness; MGC1, X-linked megalocornea. 
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Figure 3.13 Comparison of AC/AL ratio and corneal diameter between the 

MGC1 cohort and the normal population. The AC/AL ratio and corneal horizontal 

white-to-white diameter measurements in MGC1 patients are markedly different to 

the general population. Data for MGC1 patients was obtained from this study and a 

previous study (Webb et al. 2012), and includes children and adults, whereas the 

shaded circle indicates the estimated measurements (measurements include 

children and adults) in the normal population derived from previous reports (Meire 

1994; Ojaimi et al. 2005; Lee et al. 2009). Individuals with corneal diameter <10 mm 

are diagnosed with microcornea. The following abbreviations are used: AC, anterior 

chamber depth; AL, axial length; MGC1, X-linked megalocornea. 

 

3.3.4 Differential diagnosis of MGC1 and PCG 
Importantly, the findings from this study show consistency with a previous study 

(Webb et al. 2012) and differentiates MGC1 patients from patients with mutations in 

PCG-associated genes such as LTBP2 and CYP1B1. Thus, MGC1 patients are 

unlikely to have an increased risk of developing glaucoma, especially in early age 

due to a mutation in CHRDL1. It is clinically important to differentially diagnose 

MGC1 from PCG as early as possible given the potential irreversible visual impact 

caused by glaucoma, compared to the non-progressive nature of MGC1 with mild 

secondary phenotypes. Therefore, the regular examinations and intervention 

required for patients with increased IOPs or glaucoma would not be required for 

MGC1 patients. The detailed clinical data from this study enabled delineation of key 

phenotypic characteristics of MGC1, which facilitated the differential diagnosis of 

MGC1 from PCG.  Ultrasonography has proven to be a useful tool in distinguishing 
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MGC1 from PCG based on the following: 1) MGC1 patients have deeper AC 

compared to PCG patients; 2) AC angles appeared much wider in MGC1 patients 

compared to PCG patients; 3) MGC1 patients have thinner CCT than PCG patients; 

4) an AC depth to AL ratio of ≥0.19 suggests a diagnosis of MGC1 (Table 3.3), 

unless there is gross co-existing axial myopia (>36 mm) (Figure 3.14). 

 

 
Figure 3.14 Ultrasonographic comparison between biometry of MGC1 and 

PCG. (A) Higher AC/AL ratio in MGC1 (0.204; left) than in PCG patient (0.135; right) 

on a transverse B-Mode ultrasound scan (B) Ocular coherence tomography (OCT) 

images of MGC1 (left) and an arrested PCG patient (right) demonstrate that MGC1 

patient has thinner CCT, deeper AC, and wider ACA, compared to PCG patient. The 

following abbreviations are used: AC, anterior chamber; ACA, anterior chamber 

angle; AL, axial length; CCT, central corneal thickness.  
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3.3.5 Concluding remarks 
This study has several important implications. In all 19 families with affected males 

with a diagnosis of megalocornea recruited to this study, a mutation in CHRDL1 was 

identified, confirming the genetic homogeneity of MGC1. The consistency of the 

ocular phenotype in MGC1 patients enabled the delineation of the key 

characteristics of MGC1, which facilitates the differential diagnosis of MGC1 from 

PCG. Thus, the combination of genetic screening and clinical diagnosis now 

provides a more accurate diagnosis, which assists the clinicians in deciding what 

course of clinical care is required.   

 

 

 



 Chapter 4  
 

134 | P a g e  
 

 

 Genetics  of  syndromic  megalocornea 
4.1 INTRODUCTION 
Megalocornea can present as an isolated abnormality (chapter 3), or it can be 

associated with other systemic phenotypes such as facial dysmorphisms, heart 

abnormalities, musculoskeletal defects, and neurological anomalies. Megalocornea 

has been described in a number of phenotypically heterogeneous syndromes such 

as megalocornea-mental retardation syndrome (MMR also known as Neuhäuser 

syndrome; MIM: 249310) (Neuhäuser et al. 1975), Axenfeld-Rieger syndrome (ARS; 

MIM: 601090) (Whitehead et al. 2013), primary congenital glaucoma (PCG) with 

marfanoid syndrome (MIM: 251750) (Khan et al. 2011), Frank-ter-Haar syndrome 

(FTHS; MIM: 249420) (Frank et al. 1973; ter Haar et al. 1982), Hajdu-Cheney 

syndrome (HJCYS; MIM: 102500) (Rosser et al. 1996), Charcot-Marie-Tooth 

disease type 4B2 (MIM: 604563) (Azzedine et al. 2003), KBG syndrome (MIM: 

148050) (Zollino et al. 1994), and Goldberg-Shprintzen syndrome (MIM: 609460) 

(Drévillon et al. 2013).  

 

The incidence of megalocornea varies in each syndrome, with megalocornea being 

a defining feature of megalocornea-mental retardation (MMR) syndrome (MIM: 

249310), a common feature in patients with ARS and FTHS, and a rare occurrence 

in some cases of HJCYS, Charcot-Marie-Tooth disease, and KBG syndrome. MMR 

syndrome is a phenotypically heterogeneous condition, characterised by 

megalocornea, intellectual disability (ID), hypotonia, seizures, and craniofacial 

dysmorphism (micro/macrocephaly, a prominent forehead, broad nasal root, 

epicanthus, hypertelorism, large low set ears and micrognathia). Osteoarticular 

anomalies (joint hyperlaxity and scoliosis), hypothyroidism and cardiac defects have 

also been reported in some cases (Neuhäuser et al., 1975; Verloes et al., 1993; 

Meire, 1994; Gutierrez-Amavizca et al., 2013). Attempts have been made to 

clinically sub-classify MMR syndrome; however, it has proven difficult due to the 

small number of cases identified to date (Gutiérrez-Amavizca et al. 2013). In 

addition, a patient who was previously diagnosed with MMR syndrome 

(megalocornea, camptodactyly, hypertelorism, brachydactyly and physical 

dysmorphisms) was later revised to a diagnosis of FTHS. FTHS is an autosomal 

recessive condition caused by homozygous mutations in the TKS4 (tyrosine kinase 

substrate with 4; MIM: 613293) gene, suggesting that MMR syndrome may not 
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represent a separate clinical entity (Gutiérrez-Amavizca et al. 2013). A total of 39 

MMR cases have been reported to date. The genetic cause of MMR is still unknown, 

although autosomal recessive inheritance has been suggested based on the family 

history of cases reported in the literature (Verloes et al. 1993; Gutiérrez-Amavizca et 

al. 2013).   

 

ARS is a genetically and phenotypically heterogeneous anterior segment 

dysgenesis (ASD) caused by heterozygous mutations in transcription factors 

FOXC1 and PITX2. ARS is characterised by a spectrum of ocular phenotypes 

including iris hypoplasia, posterior embryotoxon, anterior synechia, corectopia, 

polycoria, with or without megalocornea and glaucoma. Other systemic defects such 

as heart, dental, neurological anomalies and excessive umbilical skin have also 

been described (Mears et al. 1998; Nishimura et al. 1998, 2001; Phillips 2002; 

Whitehead et al. 2013).  

 

Megalocornea has also been reported in syndromic or non-syndromic PCG patients. 

Some syndromic PCG patients with recessive mutations in LTBP2 displayed 

marfanoid features including tall stature with an abnormally large arm span over 

body height ratio and high arched palate. In these patients, megalocornea was 

present at birth and glaucoma was a secondary feature, which developed later in life 

(Désir et al. 2010; Khan et al. 2011). In addition, megalocornea is also a main 

feature of FTHS, characterised by megalocornea with or without glaucoma, facial 

dysmorphism (wide fontanels, prominent forehead, hypertelorism, prominent eyes, 

full cheeks, small chin, and protruding ears), digital anomalies (brachydactyly and 

flexion deformity of the fingers), skeletal defects (kyphoscoliosis and a prominent 

coccyx), and cardiac problems (Frank et al. 1973; ter Haar et al. 1982). FTHS is 

caused by homozygous mutations in the TKS4 gene, with common lethality in 

infancy or in early childhood (Iqbal et al. 2010). 

 
Given the phenotypic heterogeneity of MMR syndrome and extensive overlapping 

features between MMR with other syndromes such as ARS and FTHS, it seemed 

likely that MMR may not be a separate clinical entity but instead represents a 

collective description of rare cases with overlapping phenotypes. Thus, in this study, 

families with a diagnosis of syndromic megalocornea including 6 MMR families, 1 

syndromic ASD family and 1 classic ARS family were recruited to identify the 

genetic cause(s) of their conditions and delineate the MMR phenotypes to 

investigate whether MMR is a single syndrome.  
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4.2 RESULTS 

4.2.1 Syndromic megalocornea families and clinical examination  
Seven families diagnosed with MMR syndrome or lacking a clear diagnosis 

(Families T-Z) and one family diagnosed with classic ARS (Family AA) were 

recruited to this study. Patients and their relatives were clinically assessed by 

experienced ophthalmologists and clinical geneticists. The clinical features of these 

individuals are summarised in Table 4.1. 

 

4.2.1.1 Family T 
Family T consisted of three generations and was referred by Prof. Daniela Pilz, 

Cardiff, United Kingdom. The proband, III:2, now 13 years old, is the only child of his 

unrelated parents (Figure 4.1A). Pregnancy was complicated with vaginal bleeding 

at 8 weeks of gestation and persistent abdominal pain from 17 weeks of gestation. 

Delivery was normal with normal weight, 3.917 kg (91st centile). The proband was 

diagnosed with bilateral megalocornea in infancy and he had some choking 

episodes. At the age of 3 months, the proband developed epilepsy and was started 

on Sodium Valproate. By 6 months of age, he was found to have global 

psychomotor developmental delay. Walking was delayed (at the age of 20 months) 

and speech therapy was required. At the age of 3 years, prominent facial 

dysmorphism was observed including a broad forehead, bilateral epicanthic folds, a 

tented upper lip, downturned corners of the mouth, and his occipital frontal 

circumference (OFC) was on the 25th centile (Figure 4.1B-C). Brain magnetic 

resonance imaging (MRI) and karyotying were reported as normal and a preliminary 

diagnosis of MMR syndrome was made based on his clinical features. His 

antiepileptic medication had been discontinued at the age of 9 years and henceforth 

no further seizure has been reported. At the age of 10 years, he was diagnosed with 

moderate ID and autistic spectrum disorder. He has episodes of challenging 

behaviour. His height was on the 25th-50th centile, weight 91st-98th centile, and OFC 

was between the 9th and 25th centile.  

 

Neither   of   the   proband’s   parents   have   a   history   of  megalocornea,   ID   or   epilepsy.  

There is no paternal contact. His mother had laser iridotomies at the age of 47 years 

for bilateral narrow anterior chamber drainage angles. His maternal grandfather was 

reported   to   have   had   “large   eyes”,   cataracts   and   glaucoma.   His   maternal   half-
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siblings are all healthy but two of his paternal half siblings were reported to have 

epilepsy and ID, although this was likely due to infantile meningitis in one of the 

affected half siblings (Figure 4.1A).  

 

 

 

 
 

Figure 4.1 Pedigree of MMR Family T and images of the proband. (A) Pedigree 

of Family T. Squares, males; circles, females; diamonds, unknown gender; shaded, 

affected; dotted, carrier; clear, unaffected. Arrowhead indicates proband. (B-C) 
Images of proband at the age of 3 and 6 years, respectively, showing bilateral 

megalocornea and facial dysmorphism such as bilateral epicanthal folds, a broad 

forehead, a tented upper lip, and downturned corners of the mouth. (D-E) The 

proband at the age of 10 years.  

 

4.2.1.2 Family U 
Family U consisted of an affected male (III:2), now 14 years old, who was first 

referred by  Dr.  Louise  Allen  from  Addenbrooke’s  hospital,  Cambridge, at the age of 

one year for phacodonesis (Figure 4.2A). He was diagnosed with ASD, presenting 

with bilateral megalocornea (corneal horizontal white to white diameters measuring 

13.5 mm (right eye), and 13 mm (left eye). Central corneal thickness was normal, 

559 µm (right) and 584 µm (left). He was extremely myopic, needing contact lens 
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correction of -23D (right) and -20D (left). His vision is currently 6/6 (right) and 6/9 

(left). He was also noted to have bilateral superior-temporal lens subluxation. The 

condition is more severe in the right eye, where the inferior border of the lens laid on 

the visual axis. He had normal axial lengths, 20.85 mm (right) and 20.93 mm (left). 

He underwent bilateral lensectomies at the age of two years, and had intraocular 

lens (IOL) implants at the age of nine years (Figure 4.2B). He was noted to have 

developed increased intraocular pressures (IOPs), 23 mmHg (right eye), and 22 

mmHg (left eye), which is under control with timolol 0.25% and trusopt twice a day. 

With treatment, his IOPs have been maintained at 20 mmHg (both eyes). However, 

there is no evidence of glaucomatous  cupping  or  visual  field  defects.  The  proband’s  

parents (II:1 and II:2) did not exhibit any ocular anomalies. His height was 172.7 cm 

at the age of 14 years (90th percentile). The proband and his mother were 

diagnosed with familial hypermobility syndrome. He had a Beighton score of 9 and 

his mother had a score of 6. Hypermobility is indicated by a Beighton  score  ≥4.  His 

maternal uncle (II:3) was noted to have tall stature (196 cm), high myopia and 

hypermobility. However, it is unclear whether he had any ocular anomalies. The 

proband’s   maternal   grandmother   (I:2)   was   also   reported   to   be   hypermobile.   The 

clinical features of the proband suggested a diagnosis of syndromic ASD. The 

family pedigree is shown in Figure 4.2A. 

 

 

 
Figure 4.2 Family U with ASD and hypermobility. (A) Pedigree of Family U. 

Squares, males; circles, females; shaded, affected; clear, unaffected. Arrowhead 

indicates proband. (B) Image of proband showing aphakic right eye after 

lensectomy for his subluxed lens and he had an Artisan iris clip lens inserted (black 

arrow).  Ectropion uveae and iris hypoplasia are present.  
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4.2.1.3 Family V 
The unrelated healthy parents in Family V had an affected son, II:2, now 9 years old 

(Figure 4.3A). This family was referred by Dr. Joanna Jarvis, Birmingham, United 

Kingdom. The proband was diagnosed with MMR syndrome, presenting with 

anterior segment anomalies such as megalocornea, iris dysplasia and corectopia. In 

addition, he had mild developmental delay, hypotonia, and craniofacial anomalies 

(macrocephaly, hypertelorism, downslanting eyes, depressed nasal bridge and 

retrognathia) (Figure 4.3B). MRI brain scan showed slightly dysplastic ventricles, 

rotated brain stem and medulla, abnormal flair of the posterior pituitary, small 

arachnoid cyst, and streaky appearance of the white matter. 

 

 

 
Figure 4.3 Pedigree of MMR Family V and images of the proband. (A) Pedigree 

of Family V. Shaded square, affected male; clear squares, unaffected males; clear 

circle, unaffected female; ?= DNA sample was not available for testing. Arrowhead 

indicates proband. (B) Frontal and side images of proband show megalocornea, 

facial dysmorphism including macrocephaly, depressed nasal bridge and 

retrognathia. 
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4.2.1.4 Family W 

Family W was referred by Dr. Daniela Pilz, Cardiff, United Kingdom. This family 

consisted of an affected male, III:1, now 8 years old. He was diagnosed with MMR 

syndrome. His clinical features included megalocornea, strabismus, severe ID, 

global developmental delay, hypotonia, transient hypothyroidism, chewing problems, 

drooling, and normocephaly. His MRI brain scan showed lack of white matter and 

thin corpus callosum. The proband also displayed facial dysmorphism such as 

hypertelorism, prominent forehead, half open mouth, and flat midface. There is no 

family history. His parents are unrelated and healthy (Figure 4.4). 

 

 
Figure 4.4 Pedigree of MMR Family W. Clear squares and circles, unaffected 

individuals; shaded square, affected male. Arrowhead indicates proband.  
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4.2.1.5 Family X 
Family X consisted of an affected female, II:1, now 5 years old. This family was 

recruited by Dr. Helen Stewart, Oxford, UK. She was found to have macrocephaly at 

birth (Figure 4.5B). She was later diagnosed with megalocornea, myopia, optic 

nerve cupping with no apparent glaucomatous damage, and abnormal ciliary body 

lesions in both eyes. Her IOPs were normal. In addition, she had developmental 

delay, hypotonia, and MRI brain scan revealed cerebral atrophy, hypoplastic corpus 

callosum, cerebellar vermis hypoplasia, and immature myelination. Facial 

dysmorphism was present (Figure 4.5C). At the age of 4 years, she developed 

kidney problems, including proteinuria, hyperoxaluria and nephrocalcinosis. 
Together, her clinical features suggested a likely diagnosis of MMR syndrome.  

 

 
Figure 4.5 MMR Family X with an affected female. (A) Pedigree of Family X. 

Clear square and circle, unaffected individuals; shaded circle, affected female. 

Arrowhead indicates proband. (B) Image of proband in infancy presenting with 

macrocephaly. (C) Proband at the age of 4 years showing facial dysmorphism 

(adapted from http://www.bbc.co.uk/news/health-35282764). 
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4.2.1.6 Family Y 
Family Y was comprised of three affected males, II:2, III:1 and III:2 (Figure 4.6A). 

This family was referred by Dr Emma Wakeling from London North West Healthcare 

NHS Trust Harrow. The paternal grandparents (I:1 and I:2) are related. All affected 

males were found to have anterior chamber anomalies (megalocornea, posterior 

embryotoxon,   Haab’s   striae,   and   glaucoma), distinctive facial features (a broad 

forehead, hypertelorism, and broad nasal trip), atrial septal defect and posterior 

fossa anomalies (Figure 4.6B-D). The affected siblings, III:1 and III:2 had pectus 

excavatum (Figure 4.6D). Their development has been normal to date. Their father, 

II:2, now 33 years old, had neurosurgery at the age of 32 years for severe 

ventricular dilation, following a history of increasing headaches, which have since 

resolved. He is currently experiencing mild memory loss.  MRI brain scan findings in 

all three affected males were strikingly similar with ventricular dilation and rotated 

cerebellar vermis, which appeared normally formed, enlarged fourth ventricle 

without enlargement of cistema magna, patent aqueduct, and mild to severe 

ventriculomegaly, consistent with a diagnosis of cerebellar vermis hypoplasia (CVH). 

White matter lesions were also detected in II:1 and III:1. The collective clinical 

features observed in this family suggested a diagnosis of MMR syndrome.  
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Figure 4.6 MMR Family Y with syndromic anterior chamber anomalies. (A) 
Pedigree of Family Y with three affected males (II:2, III:1, and III:2). Clear squares 

and circles, unaffected individuals; shaded squares, affected males. ? = DNA 

samples were not available for testing. Double line indicates consanguinity. 
Arrowhead denotes proband. (B) Individual II:2 presenting with megalocornea and 

distinctive facial dysmorphism, including a broad forehead and broad nasal tip. (C) 
Frontal and side images of individual III:1 showing bilateral megalocornea and facial 

dysmorphism such as a broad nasal tip and micrognathia. (D) Individual III:2 

showing bilateral megalocornea, facial dysmorphism, and marked pectus 

excavatum.  

 

4.2.1.7 Family Z 
Family Z was recruited by Dr. Ola Gebril, National Research Centre, Cairo, Egypt. 

This family consisted of two affected brothers (II:1 and II:2) born to unaffected 

parents, who are first cousins (Figure 4.7A). Individual II:1, now 4 years old, was 

found to have bilateral megalocornea (13 mm both eyes), myopia with right 

convergent squint, and normal fundus. He also displayed facial dysmorphism, 

including hypertelorism, a long philtrum, prominent ears, and a broad nasal root 

(Figure 4.7B). He had mild hypotonia with normal reflexes. Digital anomalies were 
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present with an extra finger beside the little finger on the left hand, which was 

removed at the age of 6 months. There were variable toe insertion levels in both 

feet (Figure 4.7D). Examinations of chest, abdomen, genital organ, skin, and back 

were normal. He had head support at the age of 7 months, and was sitting by 9 

months of age. At the age of 1 year, he had 4 words of speech. He is the product of 

normal pregnancy with normal scans and foetal movements, and normal vaginal 

delivery. Birth weight was 3.1 kg. He had mild neonatal jaundice, and was incubated 

for 3 days for phototherapy. His development profile was better than his young 

brother, II:2. His brain scan, thyroid profile and electroencephalogram (EEG) were 

normal. 

 

His younger brother (II:2), now 2 years old, was examined at the age of 6 months 

and found to have delayed developmental milestones (head support by 10 months) 

and decreased weight gain with no history of convulsions. He suffered delayed 

walking (walking with support) and speech has been developing appropriately. 

Ophthalmological examination revealed bilateral megalocornea, 14 mm (right eye), 

and 15 mm (left eye), moderate myopia, normal ocular reflexes with normal fundus, 

and increased IOPs. In addition, he exhibited dysmorphic features, including 

hypertelorism, low set prominent ears, a long philtrum, a broad nasal root, recession 

of chin and forehead, a tower shaped head (Figure 4.7C), and hypotrichosis. Similar 

to his older brother, he also had digital anomalies such as clinodactyly on his 2nd 

and 3rd fingers (left hand), fusiform fingers of hands, and complete simian crease 

(left hand) (Figure 4.7D). He had scoliosis with normal abdomen and chest. 

Following initial presentation, progressive delay in developmental milestones in 

relation to age was encountered. He is the product of normal pregnancy with no 

complications, born by normal vaginal delivery. His birth weight was 3 kg with no 

neonatal unit admission needed. The mother had taken folic acid supplement in the 

1st trimester with inconsistent iron and calcium supplements. Foetal movements 

were felt by 16th week of gestation with normal pregnancy scans. Neurological 

examination revealed decreased motor power in both upper and lower limbs (grade 

II to grade IV) with moderate hypotonia and normal deep reflexes. His MRI brain 

scan showed mild brain atrophy and retro-cerebellar cyst (Figure 4.7E). No obvious 

abnormalities in external genitalia were seen and mouth examination showed 

normal palate, uvula and teeth. 
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Figure 4.7 MMR Family Z with two affected male siblings. (A) Pedigree of 

Family Z with two affected male siblings born to related healthy parents. Arrowhead 

indicates proband. (B) Frontal and side images of individual II:1 presenting with 

bilateral megalocornea, a broad nasal root, hypertelorism, almond-shaped eyes, 

and right convergent squint. (C) Individual II:2 showing bilateral megalocornea and 

dysmorphic features, including hypertelorism, low set prominent ears, a tower-

shaped head, a long philtrum, and a broad nasal root. (D) Images showing digital 

anomalies in the affected siblings. (Left) Individual II:1 with variable toe insertion 

levels in both feet; (Right) Individual II:2 with clinodactyly of the 2nd and 3rd fingers. 

(E) MRI scan images of individual II:2 showing mild brain atrophy with reduced 

volume of white matter and retro-cerebellar cyst.   
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4.2.1.8 Family AA 
Family AA was referred by Dr. Maria Papadopoulos, Moorfields Eye Hospital, 

London, United Kingdom. This family consisted of an affected female, II:1, whose 

parents are unrelated and healthy (Figure 4.8A). She was diagnosed with ARS. Her 

ocular features included posterior embryotoxon with peripheral iris attachments and 

ocular hypertension. She was also found to have hypertelorism and atrial septal 

defect. 

 

 

 
Figure 4.8 Pedigree and clinical images of ARS Family AA. (A) Pedigree of 

Family AA. Shaded circle, affected female; clear square and circle, unaffected 

individuals. Arrowhead indicates proband. (B) Images of proband showing abnormal 

ocular phenotypes with the presence of posterior embryotoxon (arrow). The 

following abbreviations are used: RE, right eye; LE, left eye. 
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Table 4.1: Clinical features of syndromic megalocornea patients 
 Family T Family U Family V Family W Family X 

III:2 (white male) III:2 (white male) II:2 (white male) III:1 (white male) II:1 (white female) 
Age 13 14 9 8 5 
Ocular  
Megalocornea (HWTW) +  + 13.5 mm (RE); 13 mm (LE) + + + 
Iris hypoplasia - + + NA NA 
Iris hyperpigmentation - - NA NA NA 

Hypermetropia - - NA NA NA 

Corectopia - - + NA NA 
Posterior embryotoxon - NA NA NA NA 
Ocular hypertension  - + + NA - 

Other - Superior-temporal lens 
subluxation, ectropion uveae - Strabismus Abnormal ciliary body lesions in 

both eyes. 
Neurological 
Developmental delay + - + + + 
Hypotonia + NA + + + 
Learning difficulties + NA + + + 

MRI brain scan NA NA 

Dysplastic ventricles, rotated brain 
stem and medulla, abnormal flair of 

the posterior pituitary, small 
arachnoid cyst, and streaky 

appearance of the WM 

Lack of WM and thin corpus 
callosum 

Cerebral atrophy, hypoplastic 
corpus callosum, a small 

cerebellar vermis, and immature 
myelination 

Craniofacial dysmorphism 
Macro/microcephaly  - - + (macrocephaly) - + (macrocephaly) 

Facial dysmorphism + (broad forehead) NA + (hypertelorism, low set ears, and 
micrognathia) 

+ (hypertelorism, prominent 
forehead, half open mouth,  

and flat midface) 
+ 

Skeletal anomalies 

Pectus excavatum - - - - - 

Heart defects - - - - - 

Digital anomalies - - - - - 

Other  - Hypermobility (Beighton score 
9) and marfanoid features - Hypothyroidism (transient) Kidney problems 

Initial diagnosis MMR Syndromic ASD MMR MMR MMR 
The following abbreviations are used:  NA, not available; HWTW, cornea horizontal white-to-white diameter; WM, white matter 
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 Family Y Family Z Family AA 

II:2 (Asian male) III:1 (Asian male) III:2 (Asian male) II:1 (Egyptian male) II:2 (Egyptian male) II:1 (white female) 
Age 33 7 3 4 2  
Ocular 
Megalocornea (HWTW) + + + + (13 mm both eyes) + (14 mm right, 15 mm left) 12 mm 
Iris hypoplasia - - - NA NA - 
Iris hyperpigmentation NA + + NA NA - 

Hypermetropia NA + NA NA NA + 

Corectopia - - - NA NA - 
Posterior embryotoxon + + + NA NA + 
Ocular hypertension  + + + - - + 

Other - - - Myopia with right convergent 
squint Myopia - 

Neurological 
Developmental delay - - - + + - 
Hypotonia - - - + + - 
Learning difficulties - - - -  - 

MRI brain scan 
CVH, posterior fossa 
anomalies, focal WM 

lesions around ventricles, 
hydrocephalus 

CVH, posterior fossa 
anomalies, focal WM lesions 

CVH and posterior fossa 
anomalies. Normal Mild brain atrophy, and retro-

cerebellar cyst Normal 

Craniofacial dysmorphism 
Macro/microcephaly  - - - - - - 

Facial dysmorphism 
+ (broad forehead, 

hypertelorism, low set 
ears, micrognathia, and 

broad nasal tips) 

+ (broad forehead, 
hypertelorism, low set ears, 

downslanting palpebral 
fissures, and broad nasal tips) 

+ (broad forehead, 
hypertelorism, low set ears, 

micrognathia, and broad nasal 
tips) 

+ (hypertelorism, long 
philtrum, prominent ears, and 

broad nasal root) 

+ (hypertelorism, low set 
prominent ears, long philtrum, 

broad nasal root, 
micrognathia, and tower head) 

+ (hypertelorism) 

Skeletal anomalies  - + (pectus excavatum) + (pectus excavatum) - + (scoliosis) - 
Heart defects + (ASD) + (ASD) + (ASD) - - + (ASD) 

Digital anomalies - - - + + - 

Other - - - - Hypotrichosis - 

Initial diagnosis MMR MMR MMR MMR MMR ARS 

 
The following abbreviations are used:  NA, not available; HWTW, cornea horizontal white-to-white diameter; ASD, atrial septal defect; WM, white matter; CVH, Cerebellar vermis hypoplasia 
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Overall, thorough clinical examination of the 7 families initially diagnosed with MMR 

syndrome or syndromic ASD in this study revealed extensive phenotypic 

heterogeneity (Table 4.1). The phenotypes presented by some families exhibited 

extensive overlapping features with ARS and PCG-marfanoid syndrome (Table 

4.12), suggesting that an initial diagnosis of MMR requires further clinical 

investigation, and at least in some cases, it may not be a separate clinical entity but 

likely represents part of the ARS or syndromic PCG spectrum.  

Megalocornea was the only consistent feature shared by the affected individuals in 

these syndromic megalocornea families with inconsistent presence or absence of 

other extraocular phenotypes such as craniofacial anomalies, developmental delay, 

ID, skeletal and heart defects. Ocular phenotypes were also variable with the 

presence or absence of posterior embryotoxon, increased IOPs, and iris hypoplasia. 

Moreover, intrafamilial phenotypic variability was observed, for example, in Families 

Y and Z, variable expressivity or severity of brain anomalies and skeletal defects 

were observed in the related affected males (Table 4.1). 

Due to the uncertain use   of   “MMR”   term   as   a   clinical   entity,   the   condition   was  

henceforth  referred  to  as  “syndromic  megalocornea”  in  this  chapter. 
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4.2.2 CHRDL1 screening in families with syndromic megalocornea 
Due to the consistent presentation of megalocornea in all syndromic megalocornea 

families (Table 4.1), PCR amplification and Sanger sequencing of all CHRDL1 

coding exons and intron-exon boundaries was performed using genomic DNA 

extracted from the probands (section 3.2.2). Segregation analyses were performed 

for family members (where available) by PCR amplification and Sanger sequencing 

of the exon carrying the mutation. All CHRDL1 primers and their cycling conditions 

are listed in Appendix A.  

 
In Family T, screening of the CHRDL1 gene identified a hemizygous missense 

mutation in exon 6, c.464G>A, p.(Cys155Tyr), and his unaffected mother was 

identified to be a carrier (Figure 4.9B). This mutation is absent in the general 

population and is predicted to be pathogenic by bioinformatic tools (Table 4.2).  This 

missense mutation affected a highly conserved cysteine residue in the von 

Willebrand factor, type C (VWFC) domain (Figure 4.9C), similar to other CHRDL1 

missense mutations identified in MGC1 patients (see Figure 3.6 in chapter 3).  

 

Since the extraocular phenotypes observed in this individual are absent in all other 

MGC1 patients with a mutation in CHRDL1, it was unlikely that his extraocular 

features were attributed to the CHRDL1 mutation. Furthermore, given the rarity of 

‘megalocornea syndrome’, it is likely to be due to more than one underlying genetic 

cause, at least in some cases such as the one presenting in Family T. Given the 

hypothesis that the extraocular phenotypes in the proband in Family T may be 

attributed to another mutation in an ID gene either on the X or an autosome, WES 

was performed to identify the additional genetic variant(s), which could cause the 

extraocular features in the proband (see section 4.2.5).  

 

Screening of all CHRDL1 coding exons and intron-exon boundaries by PCR 

amplification and Sanger sequencing did not identify any mutations in Families U-X, 

and Z, suggesting that variants in CHRDL1 were not causing their megalocornea 

phenotype. CHRDL1 screening was not performed for syndromic megalocornea 

Family Y due to the presentation of megalocornea in the father and two sons, 

therefore it is unlikely that their phenotypes were caused by mutations in the X-

linked CHRDL1 gene.  
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Figure 4.9 Novel CHRDL1 missense mutation in syndromic megalocornea 

Family T. (A) Pedigree of Family T. Clinical findings of the members in the family 

are indicated in the legend. Squares denote males; circle, female; diamond, 

unknown gender; clear squares and circles, unaffected individuals. Arrowhead 

indicates proband in the family. (B) Sequence electropherogram shows a 

hemizygous missense mutation in CHRDL1, c.464G>A, p.(Cys155Tyr) in the 

proband and the mother is a carrier. Control sequence electropherogram is shown 

above proband sequence. (C) Multiple sequence alignment of CHRDL1 orthologues 

using ClustalW showing p.Cys155 mutated in the von Willebrand factor domain in 

the proband (indicated by an asterisk) is highly conserved across species 

(highlighted). The numbering of the amino acid residues is in accordance with 

human CHRDL1 sequence (Ensembl transcript ID: ENST00000372042). 
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Table 4.2 In silico analysis of CHRDL1 missense mutation identified in syndromic megalocornea Family T 
 

  

Nucleotide 
change 

Protein 
change 

Polyphen 2 (human 
variation score 0-1) 

SIFT 
(tolerance 
index 0-1) 

Blosum 62 
score 

(-4 to 11) 
1000 

Genomes 
NHLBI EVS 
total alleles 

ExAC total alleles 

Het. Hemi./Homo. 

c.464G>A p.(Cys155Tyr) POS (0.796) T (0.4) -2 0 0/10,562 0/87,717 0/87,717 

 
Abbreviations are as follow: NHLBI EVS, National Heart, Lung, and Blood Institute (NHLBI) Exome Sequencing Project Exome Variant Server (EVS); ExAC, 
Exome Aggregation Consortium; Hemi., hemizygote; het., heterozygote; homo., homozygote. Polyphen 2 appraises mutations quantitatively as benign, possibly 
damaging   (POS)   or   probably   damaging  based  on   the  model’s   false   positive   ratio.  SIFT   results   are   reported   to   be   tolerant   (T)   if   tolerance   index   is   ≥0.05  or  
damaging if tolerance index is <0.05. Blosum62 substitution matrix score positive numbers indicate a substitution more likely to be tolerated evolutionarily and 
negative numbers suggest the opposite. The cDNA is numbered according to Ensembl transcript ID ENST00000372042. 
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4.2.3 Copy number variation (CNV) analysis of CHRDL1 by qPCR 
In syndromic megalocornea Families V-X, no mutation was detected in CHRDL1 

coding exons and intron-exon boundaries by PCR and Sanger sequencing. 

However, copy number variations (CNVs) of the CHRDL1 gene could not be 

detected using this screening approach. Thus, quantitative polymerase chain 

reaction (qPCR) was performed to investigate potential CHRDL1 gene CNVs (as 

described in section 2.2.1.12). Since CHRDL1 consists of 12 coding exons, two sets 

of qPCR assays were performed; the first qPCR targeted CHRDL1 exon 2, whereas 

the second qPCR assay amplified CHRDL1 exon 12. This was to ensure a more 

informative coverage of the 5’  and 3’ coding regions of the CHRDL1 gene (Figure 

4.10).  

 

In this study, qPCR using a relative standard curve method was employed, which is 

able to offset the problem of unequal PCR efficiencies. A standard curve for each of 

the target (CHRDL1 exon 2 or exon 12) and reference gene (NHS exon 6) was 

prepared (see section 2.2.1.12). Since two sets of qPCR assays targeting CHRDL1 

exon 2 and exon 12 were performed separately, a standard curve for the reference 

gene (NHS exon 6) was prepared for each assay (Figure 4.10). An X-linked 

congenital cataract (CXN) male patient, who was confirmed to carry a complex 

duplication/triplication in the NHS gene was used in the test run experiment to verify 

the ability of qPCR assay to detect known gene CNVs (Coccia et al. 2009) (section 

4.2.3.1). The qPCR methodology is described in section 2.2.1.12. 
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Figure 4.10 qPCR standard curves. An NHS (reference gene) standard curve was prepared for each of CHRDL1 qPCR assays (CHRDL1 

exon 2 or exon 12). (A) Standard curves for CHRDL1 exon 2 and NHS exon 6. (B) Standard curves for CHRDL1 exon 12 and NHS exon 6. 

Equations y = mx + c were derived from the graph, with r2 ≈1  indicating  PCRs with good amplification efficiencies. The equations were then 

employed to calculate the CNVs of CHRDL1 exon 2 and exon 12. 
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4.2.3.1 qPCR assay test run  
A CXN male patient who had been previously shown to carry a gene 

duplication/triplication in the NHS gene (Coccia et al., 2009) was used to test the 

suitability of the qPCR assay in quantitating CNVs of a gene. Since this patient has 

a triplication in NHS exon 6, the NHS gene was used as the target gene and 

CHRDL1 (exon 2) as a reference gene in the qPCR assay. To ensure the 

reproducibility of the qPCR results, the same assay was repeated using CHRDL1 

exon 12 as a reference gene. The control sample was a DNA sample from a healthy 

male, who did not have CNVs in the NHS gene. 

 

 
Reference gene: CHRDL1 exon 2 (y = -3.0706x + 28.332) 

Sample CT log10 (amount 
of DNA) 

Amount 
of DNA X2 SD CV2 

CXN patient (1/50) 25.674246 0.8655 7.3375 

6.9532 0.4630 0.0666 CXN patient (1/50) 25.721365 0.8502 7.0828 

CXN patient (1/50) 25.848404 0.8088 
 6.4392 

Control (1/50) 26.124882 0.7188 5.2335 

5.1731 0.0263 0.0051 Control (1/50) 26.115438 0.7219 5.2707 

Control (1/50) 26.181698 0.7003 5.0152 

The following abbreviations and symbols are used: CT, threshold cycle; CV, 

coefficient of variation, SD, standard deviation; X, average amount of DNA.  

 
  

Target gene: NHS exon 6 (y = -3.3353x + 28.184) 

Sample CT log10 (amount 
of DNA) 

Amount 
of DNA X1 SD CV1 

CXN patient (1/50) 24.55961 1.0867 12.2089 

14.5078 2.2951 0.1582 CXN patient (1/50) 24.30896 1.1618 14.5153 

CXN patient (1/50) 24.09730 1.2253 16.7992 

Control (1/50) 26.25413 0.5786 3.7898 

3.6721 0.1050 0.0286 Control (1/50) 26.31314 0.5609 3.6385 

Control (1/50) 26.33339 0.5549 3.5880 
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Normalised target value (X), CV (coefficient of variation) and standard deviation are 

calculated based on the following formulae. The error bar was drawn based on the 

standard deviation. 

 
●  Normalised target value, X  
   = NHS exon 6 mean/ CHRDL1 exon 2 mean = X1/X2 
●  CV  =  (CV1

2 + CV2
2)1/2 

●  Standard  deviation  =  (CV)(X) 
 Normalised target, X CV Standard deviation 

CXN patient 2.0865 0.17 0.36 

Control 0.7098 0.03 0.02 

 
●  Fold  difference  =  Normalised target value (X) in tested sample/ Normalised 
target value (X) in control 
 
 
Fold difference = 2.0865/0.7098 = 2.94 
 

Thus, the qPCR assay using NHS exon 6 as the target gene and CHRDL1 exon 2 

as a reference gene detected an approximately 3-fold increase in copy number of 

NHS in the CXN patient relative to the control sample, demonstrating that this qPCR 

assay is a reliable tool to investigate CNVs in a gene.  
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To ensure the reproducibility of the qPCR result, the test run qPCR assay was 

repeated using CHRDL1 exon 12 as the reference gene. 

 
Reference gene: CHRDL1 exon 12 (y = -3.2234x + 27.362) 

Sample CT log10 (amount 
of DNA) 

Amount 
of DNA X2 SD CV2 

CXN patient (1/100) 25.43408 0.5981 3.9637 

4.0837 0.1303 0.0319 CXN patient (1/100) 25.39871 0.6090 4.0651 

CXN patient (1/100) 25.345615 0.6255 4.2223 

Control (1/100) 26.100313 0.3914 2.4627 

2.4900 0.0414 0.01664 Control (1/100) 26.058363 0.4044 2.5376 

Control (1/100) 26.096462 0.3926 2.4695 

The following abbreviations and symbols are used: CT, threshold cycle; CV, 

coefficient of variation, SD, standard deviation; X, average amount of DNA.  

 

●  Normalised target value, X = NHS exon 6 mean/ CHRDL1 exon 12 mean = 
X1/X2 
●  CV  =  (CV1

2 + CV2
2)1/2 

●  Standard  deviation = (CV)(X) 

 Normalised target, X CV Standard deviation 

CXN patient 2.8070 0.04 0.11 

Control 0.8568 0.02 0.02 

 
 
Fold difference = 2.8070/0.8568 = 3.28 
 

Consistent with the finding from the first set of data from the qPCR test run, this 

qPCR assay using CHRDL1 exon 12 as a reference gene detected an 

approximately 3-fold increase in copy number of NHS in the CXN patient in relative 

to the control sample, further supporting the suitability of the qPCR assay in 

detecting CNVs in a gene. This was consistent with the array comparative genomic 

Target gene: NHS exon 6 (y = -3.5048x + 28.51) 

Sample CT log10 (amount 
of DNA) 

Amount 
of DNA X1 SD CV1 

CXN patient (1/100) 24.77035 1.067008 11.66831 
11.4630 0.2903 0.0253 

CXN patient (1/100) 24.82487 1.051452 11.25777 

Control (1/100) 27.34039 0.333718 2.156344 
2.1334 0.0324 0.01519 

Control (1/100) 27.37309 0.324388 2.110513 
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hybridisation (aCGH) results, which identified a triplication in NHS exon 6 in this 

patient (Coccia et al. 2009).  

 

Since gene dosage anomalies in the NHS gene have been proved to cause CXN 

(Coccia et al. 2009) and none of the syndromic megalocornea patients were 

diagnosed with this condition, the NHS gene was used as a reference gene in the 

subsequent qPCR assays quantitating copy number of CHRDL1 in the syndromic 

megalocornea patients. 

 

 
Figure 4.11 qPCR test run using NHS as the target gene in a CXN patient. The 

vertical axis shows the copy number of the NHS gene in the CXN patient (blue), 

normalised to a control sample (light blue). Horizontal axis shows qPCR assays 

using either CHRDL1 exon 2 or exon 12 as the reference gene.  
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4.2.3.2 CNV analysis of the CHRDL1 gene in probands from syndromic 
megalocornea families V, W, and X using qPCR 

qPCR assays were performed in the probands from syndromic megalocornea 

Families V-X, who did not have any variants in the CHRDL1 gene on direct 

sequencing. Two sets of qPCR assays were performed for each syndromic 

megalocornea proband, set 1 for  CHRDL1 exon 2, and set 2  for CHRDL1 exon 12 

as the target. NHS exon 6 acted as a reference gene.  

 

Proband from Family V 
Proband V qPCR set 1: 

Target gene: CHRDL1 exon 2 (y = -3.0706x + 28.332) 

Sample CT 
log10 

(amount of 
DNA) 

Amount 
of DNA X1 SD CV1 

Proband V (1/100) 27.096119 0.4025 2.5263 

2.6587 0.1748 0.0658 Proband V (1/100) 26.932138 0.4559 2.8569 

Proband V (1/100) 27.061483 0.4138 2.5928 

Control (1/100) 27.087425 0.4053 2.5428 
2.5166 0.0371 0.0147 

Control (1/100) 27.11522 0.3963 2.4904 

 
Reference gene: NHS exon 6 (y = -3.3353x + 28.184) 

Sample CT 
log10 

(amount of 
DNA) 

Amount 
of DNA X2 SD CV2 

Proband V (1/100) 27.0546 0.338621 2.180825 
2.2975 0.1650 0.0718 

Proband V (1/100) 26.90732 0.382779 2.414231 

Control (1/100) 26.91501 0.380471 2.401438 
2.2236 0.2515 0.1131 

Control (1/100) 27.14724 0.310846 2.045718 

The following abbreviations and symbols are used: CT, threshold cycle; CV, 

coefficient of variation, SD, standard deviation; X, average amount of DNA.  
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 Normalised target, X CV Standard deviation 

Proband V 1.1572 0.10 0.11 

Control 1.1318 0.11 0.13 

 
Fold difference using CHRDL1 exon 2 as target gene and NHS as reference 
gene = 1.1572/1.1318 = 1.02 

 
Proband V qPCR set 2: 

Target gene: CHRDL1 exon 12 (y = -3.2234x + 27.362) 

Sample CT 
log10 

(amount of 
DNA) 

Amount 
of DNA X1 SD CV1 

Proband V (1/100) 25.91883 0.4477 2.8036 
2.8167 0.0184 0.0066 

Proband V (1/100) 25.905872 0.4517 2.8297 

Control (1/100) 26.100313 0.3914 2.4627 
2.4900 0.0413 0.0166 

Control (1/100) 26.058363 0.4044 2.5376 

 
Reference gene: NHS exon 6 (y = -3.5048x + 28.51) 

Sample CT log10 (amount 
of DNA) 

Amount 
of DNA X2 SD CV2 

Proband V (1/100) 27.4547 0.3011 2.0003 

2.0830 0.0723 0.0347 Proband V (1/100) 27.37022 0.3252 2.1145 

Proband V (1/100) 27.35613 0.3292 2.1342 

Control (1/100) 27.34039 0.3337 2.1563 
2.1334 0.0324 0.0152 

Control (1/100) 27.37309 0.3244 2.1105 

The following abbreviations and symbols are used: CT, threshold cycle; CV, 

coefficient of variation, SD, standard deviation; X, average amount of DNA.  

 
 Normalised target, X CV Standard deviation 

Proband V  1.3522 0.04 0.05 

Control 1.1671 0.02 0.03 

 
Fold difference using CHRDL1 exon 12 as target gene and NHS as reference 
gene = 1.3522/1.1671 = 1.16 
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Proband from Family W 
 

Proband W qPCR set 1: 

Target gene: CHRDL1 exon 2 (y = -3.0706x + 28.332) 

Sample CT log10 (amount 
of DNA) 

Amount 
of DNA X1 SD CV1 

Proband W (1/100) 27.64505 0.2237 1.6739 

1.5717 0.0977 0.0622 Proband W (1/100) 27.737217 0.1937 1.5621 

Proband W (1/100) 27.80999 0.1700 1.4791 

Control (1/100) 27.087425 0.4053 2.5428 

2.5166 0.0371 0.0147 Control (1/100) 27.11522 0.3963 2.4904 

Control (1/100) 27.64505 0.2237 1.6739 

 
Reference gene: NHS exon 6 (y = -3.3353x + 28.184) 

Sample CT log10 (amount 
of DNA) 

Amount 
of DNA X2 SD CV2 

Proband W (1/100) 27.84765 0.100846 1.261381 
1.2725 0.0158 0.0124 

Proband W (1/100) 27.82228 0.108452 1.283667 

Control (1/100) 26.91501 0.380471 2.401438 
2.2236 0.2515 0.1131 

Control (1/100) 27.14724 0.310846 2.045718 

The following abbreviations and symbols are used: CT, threshold cycle; CV, 

coefficient of variation, SD, standard deviation; X, average amount of DNA.  

 

 Normalised target, X CV 
Standard 
deviation 

Proband W 1.2351 0.06 0.08 

Control 1.1318 0.11 0.13 

 
 
Fold difference using CHRDL1 exon 2 as target gene and NHS as reference 
gene = 1.2351/1.1318 = 1.09 
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Proband from Family X 
 
 

Proband X qPCR set 1: 

Target gene: CHRDL1 exon 2 (y = -3.0706x + 28.332) 

Sample CT log10 (amount 
of DNA) 

Amount 
of DNA X1 SD CV1 

Proband X (1/50) 24.500473 1.2478 17.6934 

17.4374 0.9190 0.0527 Proband X (1/50) 24.46273 1.2601 18.2013 

Proband X (1/50) 24.600271 1.2153 16.4176 

Control (1/50) 26.124882 0.7188 5.2335 

5.1731 0.1380 0.0267 Control (1/50) 26.115438 0.7219 5.2707 

Control (1/50) 26.181698 0.7003 5.0152 

 
Reference gene: NHS exon 6 (y = -3.3353x + 28.184) 

Sample CT log10 (amount 
of DNA) 

Amount 
of DNA X2 SD CV2 

Proband X (1/50) 24.76392 1.0254 10.6028 

10.6958 0.5848 0.0547 Proband X (1/50) 24.66891 1.0539 11.3215 

Proband X (1/50) 24.82527 1.0070 10.1631 

Control (1/50) 26.25413 0.5786 3.7898 

3.6721 0.1050 0.0286 Control (1/50) 26.31314 0.5609 3.6385 

Control (1/50) 26.33339 0.5549 3.5880 

The following abbreviations and symbols are used: CT, threshold cycle; CV, 

coefficient of variation, SD, standard deviation; X, average amount of DNA.  

 

 Normalised target, X CV 
Standard 
deviation 

Proband X 1.6303 0.08 0.12 

Control 1.4087 0.04 0.06 

 
 
Fold difference using CHRDL1 exon 2 as target gene and NHS as reference 
gene = 1.6303/1.4087 = 1.16 
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Proband X qPCR set 2: 

Target gene: CHRDL1 exon 12 (y = -3.2234x + 27.362) 

Sample CT log10 (amount 
of DNA) 

Amount 
of DNA X1 SD CV1 

Proband X (1/100) 24.34974 0.9345 8.6000 

8.6755 0.0745 0.0086 Proband X (1/100) 24.325691 0.9420 8.7490 

Proband X (1/100) 24.337166 0.9384 8.6776 

Control (1/100) 26.100313 0.3914 2.4627 

2.4900 0.0414 0.0166 Control (1/100) 26.058363 0.4044 2.5376 

Control (1/100) 26.096462 0.3926 2.4695 

 
Reference gene: NHS exon 6 (y = -3.5048x + 28.51) 

Sample CT log10 (amount 
of DNA) 

Amount 
of DNA X2 SD CV2 

Proband X (1/100) 24.76392 1.0254 10.6028 

7.5173 0.0747 0.0099 Proband X (1/100) 24.66891 1.0539 11.3215 

Proband X (1/100) 24.82527 1.0070 10.1631 

Control (1/100) 26.25413 0.5786 3.7898 

2.1334 0.0324 0.0152 Control (1/100) 26.31314 0.5609 3.6385 

Control (1/100) 26.33339 0.5549 3.5880 

The following abbreviations and symbols are used: CT, threshold cycle; CV, 

coefficient of variation, SD, standard deviation; X, average amount of DNA.  

 

 Normalised target, X CV 
Standard 
deviation 

Proband X 1.1541 0.01 0.02 

Control 1.1671 0.02 0.03 

 
Fold difference using CHRDL1 exon 12 as target gene and NHS as 
reference gene = 1.1541/1.1671 = 0.99 
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Figure 4.12 Normal copy number of CHRDL1 in probands from Families V-X 
detected by qPCR. The vertical axis shows the copy number of the CHRDL1 gene 

and the horizontal axis indicates qPCR assays using either CHRDL1 exon 2 or exon 

12 as the target gene. qPCR assay using CHRDL1 exon 12 as the target gene was 

not performed for proband W due to inadequate DNA sample. 

 
In summary, two sets of qPCR assays using either CHRDL1 exon 2 or exon 12 as 

the target gene performed for probands from syndromic megalocornea Families V-X 

resulted in fold differences of approximately 1 (0.99-1.16) in the probands, in 

relative to the control individual. This confirmed a normal copy number of CHRDL1 

in these probands. qPCR was not performed in the proband in Family U due to the 

identification of recessive mutation in LTBP2 by whole exome sequencing (WES) as 

the genetic cause of syndromic megalocornea in the proband (described in section 

4.2.5.2).  

 

Thus, screening of CHRDL1 coding exons and intron-exon boundaries by PCR and 

Sanger sequencing (section 4.2.2) and the CNV analysis of the CHRDL1 gene 

using qPCR (section 4.2.3) demonstrated that the megalocornea phenotype in 

syndromic megalocornea Families V-X was not caused by variants or CNVs in the 

CHRDL1 gene.  
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4.2.4 FOXC1 as a candidate gene for ARS Family AA 
PCR amplification and Sanger sequencing of FOXC1 coding exon and intron-exon 

boundaries was performed for the proband from Family AA, who was diagnosed 

with ARS (section 4.2.1.8), as previously described (Mears et al. 1998). All FOXC1 

primers and their cycling conditions are listed in Appendix A.  

 

FOXC1 screening revealed a 1 bp deletion in FOXC1, c.969delC in the proband, 

predicted to cause a frameshift and premature stop mutation, p.(Ser323Argfs*78). 

Segregation analysis confirmed that both healthy parents are wild type, establishing 

the mutation as de novo in this patient (Figure 4.13B). This mutation is absent in the 

University College London (UCL) exomes consortium (UCL-ex), National Heart, 

Lung, and Blood Institute (NHLBI) Exome Sequencing Project Exome Variant 

Server (EVS), and Exome Aggregation Consortium (ExAC) databases, supporting 

the likely pathogenicity of this mutation (Table 4.3). Thus, this finding confirmed that 

this unique heterozygous frameshift mutation in FOXC1, c.969delC, 

p.(Ser323Argfs*78) causes ARS in Family AA.  

 

 
Figure 4.13 Identification of a de novo FOXC1 frameshift mutation in ARS 
Family AA. (A) Pedigree of Family AA with an affected female (II:1). Healthy 

parents (I:1 and I:2) are unrelated. (B) Sequence electropherograms show a de 

novo 1 bp deletion in FOXC1, c.969delC, p.(Ser323Argfs*78) in the proband. The 

parents are wild type. (C) Schematic of FOXC1 protein with the position of the 

frameshift mutation identified in Family AA. The cDNA and amino acid is numbered 

in accordance to Ensembl transcript ID ENST00000380874.  
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Table 4.3 Population frequency of FOXC1 mutation identified in Family AA 

 

 

 

Nucleotide 
change Protein change UCL-ex 

(individuals) 
1000 

Genomes 
NHLBI EVS Total 

Alleles 
ExAC Total Alleles 

Heterozygote Homozygote 

c.969delC p.(Ser323Argfs*78) 0/1980 0 0/6,702 0/12,481 0/12,481 

Abbreviations are as follow: UCL-ex, University College London (UCL) exomes consortium; NHLBI EVS, National Heart, Lung, and Blood 
Institute (NHLBI) Exome Sequencing Project Exome Variant Server (EVS); ExAC, Exome Aggregation Consortium. The cDNA is numbered 
according to Ensembl transcript ID ENST00000380874.  
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4.2.5 Whole exome sequencing (WES) of syndromic megalocornea 
probands  

Screening of CHRDL1 identified a unique hemizygous missense mutation, 

c.464G>A, p.(Cys155Tyr) in the proband from Family T. However, the mutation in 

CHRDL1 was unlikely to contribute to his extraocular features, which are likely 

caused by a mutation in an X-linked intellectual disability (XLID) gene in linkage 

disequilibrium (LD) with the CHRDL1 mutation, or an autosomal ID gene. WES was 

therefore performed to identify any additional genetic variant(s), which may cause 

the extraocular features in this proband.  In other syndromic megalocornea families, 

the genetic cause(s) also remained unexplained. Therefore, WES was performed 

for the probands from each family (Families U-Y). A  total  of  5  μg  of  genomic  DNA 

(gDNA) of good quality was required for WES (section 2.2.1.6.1), such that this 

procedure could not be performed for the proband from Family Z due to inadequate 

gDNA samples.  

 

Different exome-targeted capture kits were used for probands T-Y, including 

Nimblegen sequence capture V2, Illumina TruSeq V3, Agilent V4, and Agilent V5, 

depending on their availability when the WES service was performed. The exome-

targeted capture kit used for each proband is described in section 2.2.1.6.2 (Table 

2.7). Based on the hypothesis that syndromic megalocornea is rare, variants with a 

minor allele frequency (MAF)>0.005 in the 1000 Genomes database, the NHLBI 

EVS, the ExAC, and UCL-ex database were filtered for further interrogation. The 

rare variants were then prioritised using bioinformatic tools such as Exomiser, 

Phenomiser and appropriate candidate gene lists. The complete methodology for 

assessing candidate variants in this study is described in section 2.2.1.6.4. 
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4.2.5.1 Potential digenic inheritance in Family T 
In proband from Family T, WES analysis was extended to include  3’UTR  and  5’UTR  

regions, where covered. His WES data revealed a total of 21,210 exonic and 61,579 

total  genomic  sequence  variants  (including  3’UTR  and  5’UTR  variants)  with  respect  

to the reference sequence (Build hg19). After filtering the common variants with a 

MAF>0.005 (section 2.2.1.6.4), the   proband’s   rare   variant   dataset   was   cross-

referenced with a candidate gene list that was comprised of previously known ID 

and/or hypotonia and/or seizures-associated genes (section 2.2.1.6.4; Appendix F). 

This resulted in a total of 10 rare variants, of unknown significance. These included 

six exonic variants (four heterozygous missense variants and two heterozygous 

synonymous variants), and four variants located within non-protein coding regions 

(5’  and  3’ UTR regions) (Table 4.4).  

 

All of the variants were then validated by PCR and Sanger sequencing in the 

proband (III:2) and his mother (II:2); paternal DNA was not available for testing. His 

unaffected mother has the same genotype as the proband for rare variants in 

SEMA3E and DDB1, suggesting that they are unlikely to be causative of the 

extraocular phenotypes observed (Table 4.4). Five of the remaining eight 

heterozygous variants were identified in genes associated with autosomal recessive 

forms of disease suggesting that, in isolation, each of these rare heterozygous 

variants would also be unlikely to be causative of disease. Therefore, variants found 

in ERCC8, UROC1, ADCK3, ERCC6, and ERCC3 were excluded. A rare 

heterozygous missense variant was identified in DIP2B (MIM: 611379). Aberrant 

CGG expansion of the DIP2B gene has been reported to cause FRA12A mental 

retardation (MIM: 136630). Due to the different mutation mechanisms, the 

heterozygous missense mutation discovered in the patient is therefore unlikely to 

cause the disease. A heterozygous variant (g.161326951 A>C) was identified in the 

3’UTR   of   GABRA1 (MIM: 137160). Non-synonymous heterozygous variants in 

GABRA1 have been associated with juvenile myoclonic epilepsy and childhood 

absence epilepsy. However, given the scarcity of important regulatory features in 

the  3’  UTR of genes, a variant in  the  3’UTR  region  is  relatively  tolerated,  and it was 

therefore  unlikely  that  a  variant  in  3’UTR  region  of GABRA1 would be causative of 

the phenotypes observed in the proband.  
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Interestingly, a unique hemizygous 1 bp deletion on the X chromosome 

(chrX:119709656), in   the   5’UTR   region   of   CUL4B (cullin 4B; MIM: 300304) was 

identified in the proband and the mother was confirmed to be a carrier (Figure 4.14). 

Mutations in CUL4B are associated with syndromic X-linked intellectual disability 

(XLID) (MIM: 300354), characterised by ID, seizures, delayed puberty, 

macrocephaly, muscle wasting, short stature, central obesity, pes cavus, 

hypogonadism, and aggressive outbursts. A previous study has also shown that a 2 

kb  noncoding  deletion  that  disrupts  the  5’UTR  of  CUL4B co-segregated with ID in a 

family. Subsequent qPCR analysis using a patient derived EBV-transformed 

lymphoblastoid cell line identified a complete loss of CUL4B expression, suggesting 

the   pathogenic   effect   of   mutation   in   5’UTR   of   CUL4B (Whibley et al. 2010). 

Interestingly, CUL4B is situated approximately 900 kb downstream of CHRDL1. 

Since the   proband’s   mother   is   also   a   carrier   of   both   variants, it was initially 

hypothesised that CUL4B and CHRDL1 were in linkage disequilibrium (LD) and 

caused the megalocornea syndrome in the proband. However, more clinical 

information of the maternal grandfather then became available, and the hypothesis 

that the CUL4B and CHRDL1 were in LD was rejected as the deceased maternal 

grandfather  was  reported  to  have  had  “large  eyes”,  glaucoma  and  cataracts  without  

any neurological phenotypes, suggesting that he may have had megalocornea. 

Thus, if he also carried the CUL4B variant, which is likely, it cannot cause the 

extraocular phenotypes. However, it cannot be excluded that the CUL4B rare 

variant could have occurred de novo in  the  proband’s  mother.  Nevertheless, further 

detail concerning the extended pedigree revealed that two out of three of the 

proband’s   paternal   half-siblings were diagnosed with ID and epilepsy, which now 

suggests the likely paternal transmission of ID and epilepsy and therefore it is 

unlikely to be caused by an X-linked gene through the maternal line. Unfortunately, 

due to the lack of DNA samples from other members in this family, the genetic 

cause of the neurological phenotypes in the proband remains inconclusive. 
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Figure 4.14 Rare variant in CUL4B identified in the proband and mother in 
Family T. Sequence electropherogram shows a hemizygous 1 bp deletion at 

position  chrX:  119,709,656  in  the  5’UTR  region  of  CUL4B in the proband (III:2) and 

the mother (II:2) is a carrier for the variant. 

Proband (III:2) 
g.119709563delG 

Carrier mother (II:2) 
Het g.119709563delG 

 

C    C   T   G     G   -   T     T    A    T   T 

C    C   T   G     G   -   T/G  T T/A T/A  T 

C    C   T   G     G   G   T     T    A    T   T 
TT 

  

Control 
g.119709563G 
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Table 4.4 In silico analysis of WES rare variants in genes associated with neuromuscular phenotypes identified in proband T.  

Gene  Nucleotide 
change Protein change Associated disease (MIM#) 

MAF 
NHLBI; 
X1000G 

dbSNP 
Polyphen 2 
(human 
variation 
score 0-1) 

SIFT 
(tolerance 
index 0-1) 

Blosum 62 
score 
(-4 to 11) 

Maternal 
genotype 

ADCK3 Het. 
c.325C>G p.(His109Asp) AR  primary coenzyme Q10 deficiency-

4 (612016) 
1/13,006; 
NA 

 
rs201479287 
 

BNG (0.000) T (0.61) -1 CC 

ERCC3 Het. 
c.528C>T p.(Phe176Phe) 

AR trichothiodystrophy (601675) 
AR xeroderma pigmentosum, group B 
(610651) 

NA; NA rs114994654 NA NA NA CC 

UROC1 Het.  
c.1103 A>T p.(Met368Lys) AR urocanase deficiency (276880) 1/13,006; 

NA rs370883996 PRD (0.988) D (0.01) -1 TT 

ERCC8 Het. 
c.152T>C p.(Ile51Thr) 

AR Cockayne syndrome, type A 
(216400) 
AR UV-sensitive syndrome 2 (614621) 

1/13,000; 
NA rs369140985 PRD (0.988) D (0.01) -1 TT 

GABRA1 
Het. 
g.161326951
A>C 

p.?  (3’UTR) AD childhood absence epilepsy, 
susceptibility to (611136) NA; NA NA NA NA NA AA 

SEMA3E 
Het. 
g.82995443
A>G 

p.?  (3’UTR) (Chromosomal rearrangement) 
CHARGE syndrome (214800) NA; NA NA NA NA NA AG 

ERCC6 
Het. 
g.50665953
A>C 

p.?  (3’UTR) 

AR cerebrooculofacioskeletal syndrome 
1 (214150) 
AR Cockayne syndrome, type B 
(133540) 
AR de Sanctis-Cacchione syndrome 
(278800) 
AR UV-sensitive syndrome 1 (600630) 

NA; NA NA NA NA NA AA 

DDB1 Het. 
c.327C>T p.(Thr109Thr) Xeroderma pigmentosum 20/13,004; 

0.0005 rs56096142 NA NA NA CT 
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DIP2B 
Het. 
c.3047 C>A 
 

p.(Thr1016Asn) (CGG expansion) FRA12A  intellectual 
disability  (136630) NA; NA NA POS (0.582) T(0.34) 0 CC 

CUL4B 
Hemi. 
g.119709563
delG 

p.?  (5’UTR) XL intellectual disability, X-linked 15 
(Cabezas type) (300354) NA; NA NA NA NA NA G- 

The following abbreviations are used: AD, autosomal dominant; AR, autosomal recessive; XL, X-linked recessive; Het., heterozygous; Hemi, hemizygous; NA; 
Not available; MAF, minor allele frequency;  NHLBI, National Heart, Lung, and Blood Institute (NHLBI) Exome Sequencing Project Exome Variant Server (EVS); 
X1000G, 1000 Genomes Project. In silico analysis of rare variants identified in proband T is presented. Polyphen 2 appraises mutations quantitatively as benign 
(BNG), possibly damaging (POS) or probably damaging  (PRD)  based  on  the  model’s  false  positive  ratio.  SIFT  results  are  reported  to  be  tolerant  (T)  if  tolerance  
index  is  ≥0.05  or  damaging  (D)  if  tolerance  index  is  <0.05.  Blosum62  substitution  matrix  score  positive  numbers  indicate  a  substitution more likely to be tolerated 
evolutionarily and negative numbers suggest the opposite. The unaffected mother (II:2) and proband (III:2) share the same genotypes for rare variants in 
SEMA3E and DDB1. Paternal DNA was not available for testing.   
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4.2.5.2 Identification of LTBP2  mutations in Family U 
In Family U, due to the presentation of megalocornea and increased IOPs in the 

proband, his rare variants dataset (variants with MAF≤0.005) was cross-referenced 

with the ASD-associated gene list (section 2.2.1.6.4; Appendix C). This revealed 

potentially compound heterozygous variants in LTBP2 (latent transforming growth 

factor-beta-binding protein 2; MIM: 602091) in the proband, including a 4 bp deletion, 

which resulted in a frameshift and premature termination, c.3723_3726del, 

p.(Cys1242Tyrfs*62), and a nonsense variant, c.3821delG, p.(Trp1274*). 

Segregation analysis confirmed that each variant was inherited from each parent, 

thereby confirming the compound heterozygosity of these variants in the proband 

(Figure 4.15B). Variant c.3821delG, p.(Trp1274*) is absent in the 1000 Genomes, 
NHLBI EVS, and internal UCL-ex database. This variant is found at a heterozygous 

frequency of 1/121,388 in the ExAC database, which is consistent with predicted 

allele frequency for a rare recessive disease. Variant c.3723_3726del, 

p.(Cys1242Tyrfs*62) is absent from all variant databases (Table 4.5). This finding 

therefore confirmed that compound heterozygous mutations in LTBP2 were 

causative of syndromic megalocornea in Family U.  

 

 
Figure 4.15 LTBP2 mutations identified in Family U. (A) Pedigree of family U. 

(B) Sequence electropherograms show that the proband inherited variant 

c.3723_3726del from his father and variant c.3821delG from his mother, 

establishing the compound heterozygosity of these variants in the proband.  
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Table 4.5 In silico analysis of LTBP2 mutations identified in proband U 
 

Nucleotide 
change Protein change UCL-ex 

(individuals) 
1000 

Genomes 
NHLBI EVS total 

alleles 
ExAC total alleles 

Heterozygous Homozygous 

c.3723_3726del p.(Cys1242Tyrfs*62) 0/1980 0 0/13,006 0/121,388 0/121,388 

c.3821delG p.(Trp1274*) 0/1980 0 0/13,006 1/121,388 0/121,388 

Abbreviations are as follow:  UCL-ex, University College London (UCL) exomes consortium; NHLBI EVS, National Heart, Lung, and Blood Institute 
(NHLBI) Exome Sequencing Project Exome Variant Server (EVS); ExAC, Exome Aggregation Consortium. The cDNA is numbered according to 
Ensembl transcript ID ENST00000261978.4. 
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4.2.5.3 Heterozygous mutations in FOXC1 cause syndromic 
megalocornea in Families V and Y 

In Family V, cross-referencing of the filtered rare variant dataset (MAF≤0.005)  with 

both ASD and neuromuscular defect genes database created for filtering (section 

2.2.1.6.4; Appendix C and F) revealed two potential heterozygous missense 

variants, c.379C>T, p.(Arg127Cys) in FOXC1 and c.4098C>G, p.(Asp1366Glu) in 

CREBBP (CREB-binding protein; MIM: 600140). FOXC1 and CREBBP mutations 

have been associated with ARS and Rubinstein-Taybi syndrome (RSTS; MIM: 

180849), respectively. The clinical features of ARS are described in the section 4.1. 

RSTS is an autosomal dominant condition, characterised by ID, dysmorphic facial 

features, postnatal growth deficiency, microcephaly, broad thumbs and halluces, 

and congenital or juvenile glaucoma. 

 

Segregation analysis of the variants revealed that his unaffected father (I:1) and 

mother (I:2) are wild type for the FOXC1 c.379C>T, p.(Arg127Cys) variant, 

confirming that the heterozygous missense variant was a de novo mutation in the 

proband. The unaffected father carried the same CREBBP variant, c.4098C>G, thus 

excluding it as disease causing (Figure 4.16B). FOXC1 c.379C>T is absent from 

1000 Genomes, NHLBI EVS, UCL-ex and the ExAC database and is positioned 

within a highly conserved forkhead domain of the FOXC1 protein (Figure 4.16C). 

Multiple sequence alignment analyses by ClustalW (section 2.2.2.3) confirmed that 

the mutated arginine residue is evolutionarily conserved across different species 

(Figure 4.16D) and paralogues (Figure 4.16E). Bioinformatic tools SIFT, PolyPhen-2, 

and PhyloP support the likely pathogenicity of the FOXC1 missense variant, 

confirming that the unique heterozygous missense mutation in FOCX1, c.379C>T, 

p.(Arg127Cys) caused the syndromic megalocornea phenotype in the proband 

(Table 4.6). CNV analysis by ExomeDepth (Plagnol et al. 2012) (section 2.2.1.6.3) 

did not identify any potential exonic CNVs in any genes associated with ASD or 

neuromuscular anomalies. 

 

A FOXC1 mutation of the same residue, p.Arg127, has previously been reported in 

an ARS patient, p.(Arg127His). He was found to have megalocornea, Haab’s  striae, 

increased IOPs, hazy corneas, iris hypoplasia without posterior embryotoxon; 

however, no extraocular phenotypes were observed in this patient (Kawase et al. 

2001).  
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Figure 4.16 Identification of a unique de novo FOXC1 missense mutation. (A) 
Pedigree of Family V with syndromic megalocornea. There is one affected male 

(II:2), and the unrelated parents are healthy. (B) Sequence electropherograms show 

missense variants in CREBBP, c.4098C>G; p.(Asp1366Glu), and FOXC1, 

c.379C>T, p.(Arg127Cys) in the proband. The unaffected father carried the same 

heterozygous CREBBP variant, c.4098C>G whereas the FOXC1 mutation, 

c.379C>T was de novo in the proband. (C) Schematic of FOXC1 protein structure 

and position of mutation identified in the proband within the conserved DNA binding 

domain of the forkhead domain (70-172 a.a). (D-E) Multiple sequence alignment of 

FOXC1 orthologues and paralogues show that the arginine residue is evolutionarily 

conserved across species and in different paralogues. Image E was adapted from a 

previous study (Saleem et al. 2001a). 
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In Family Y, a similar WES variant filtering approach (as described in Family V) 

identified a heterozygous missense variant in FOXC1, c.508C>T, p.(Arg170Trp). 

Segregation analysis confirmed that his affected father (II:2) and younger brother 

(III:2) are both heterozygous for the same missense variant, whereas his unaffected 

mother, II:1 is wild type (Figure 4.17B). FOXC1 c.508C>T is absent from 1000 

Genomes, NHLBI EVS, UCL-ex and the ExAC database and is positioned within a 

highly conserved forkhead domain of the FOXC1 protein (Figure 4.17C). Multiple 

sequence alignment analyses by ClustalW (section 2.2.2.3) confirmed that the 

arginine residue is evolutionarily conserved across different species (Figure 4.17D). 

Bioinformatic tools SIFT, PolyPhen-2, and PhyloP support the likely pathogenicity of 

the FOXC1 missense variant, confirming that this unique heterozygous missense 

mutation in FOCX1, c.508C>T, p.(Arg170Trp) caused the syndromic megalocornea 

phenotypes in Family Y (Table 4.6). CNV analysis by ExomeDepth (Plagnol et al. 

2012) (section 2.2.1.6.3) did not identify any potential exonic CNVs in any genes 

associated with ASD or neuromuscular anomalies. 
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Figure 4.17 Novel dominantly inherited heterozygous missense mutation in 
FOXC1 causing syndromic megalocornea in Family Y. (A) Pedigree of 

syndromic megalocornea Family Y with three affected males (II:2, III:1 and III:2). 

The paternal grandparents (I:1 and I:2) are related. (B) Sequence 

electropherograms show a missense mutation in FOXC1, c.508C>T, p.(Arg170Trp) 

in three affected males. The DNA samples from the grandparents were not available 

for testing. (C) Schematic of FOXC1 protein structure and position of mutation 

identified in Family Y within the conserved forkhead domain. (D) Multiple sequence 

alignment of FOXC1 orthologues by ClustalW show that the arginine residue is 

evolutionarily conserved across species.  
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Table 4.6  In silico analysis of FOXC1 missense mutations identified in syndromic megalocornea Families V and Y 

 

Nucleotide 
change Protein change 

Polyphen 2 
(human 
variation 

score 0-1) 

SIFT 
(tolerance 
index 0-1) 

PhyloP 
UCL-ex 

(individua
ls) 

1000 
Genomes 

NHLBI 
EVS Total 

Alleles 

ExAC Total Alleles 

Heterozygote Homozygote 

c.379C>T p.(Arg127Cys) PRD (1.000) Damaging 
(0.000) 

Conserved 
(0.994) 0/1980 0 0/13,006 0/121,199 0/121,199 

c.508C>T  p.(Arg170Trp) PRD (0.999) Damaging 
(0.000) 

Conserved 
(0.993) 0/1980 0 0/13,006 0/119,385 0/119,385 

 
Abbreviations are as follow:  NHLBI EVS, National Heart, Lung, and Blood Institute (NHLBI) Exome Sequencing Project Exome Variant Server (EVS); ExAC, 
Exome Aggregation Consortium. Polyphen 2 appraises mutations quantitatively as benign, possibly damaging or probably damaging (PRD) based on the 
model’s   false  positive   ratio.  SIFT   results  are   reported   to  be   tolerant   if   tolerance   index   is  ≥0.05  or   intolerant if tolerance index is <0.05. PhyloP prediction: 
Conserved if score >0.95, otherwise non-conserved. The cDNA is numbered according to Ensembl transcript ID ENST00000380874.  
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4.2.5.4 Unresolved genetic cause in Family W 
Given that unique missense mutations in the FOXC1 gene were found to be 

causative of the syndromic megalocornea in Families V and Y, the WES data of 

proband W was investigated for any changes in the FOXC1 gene. On examination 

of the coverage of the FOXC1 gene in the proband’s  WES  data,  some regions were 

lacking exome coverage in FOXC1. PCR amplification and Sanger sequencing were 

used to cover the WES gaps using standard methodology as previously described 

(section 4.2.4; primers and the cycling conditions are listed in Appendix A); however, 

no mutation in FOXC1 was identified. CNV analysis of his exome data by 

ExomeDepth (Plagnol et al. 2012) (section 2.2.1.6.3) did not identify any potential 

exonic CNVs in 6p25, which harbours FOXC1 and neighbouring genes. 

 

Next, based on the rarity of syndromic megalocornea, rare variants with MAF≤0.005  

were selected (see section 2.2.1.6.4). Due to the plausible X-linked recessive, 

autosomal recessive or de novo inheritance of the condition in the family, rare 

variants of all zygosity states were considered. First, hemizygous variants were 

examined, which identified two potential hemizygous missense variants, c.2606G>A, 

p.(Arg869His) in CASK (calcium/calmodulin-dependent serine protein kinase; MIM: 

300172) and c.578G>C, p.(Gly193Ala) in IQSEC2 (IQ motif- and sec7 domain-

containing protein 2; MIM: 300522). Both variants are absent in the UCL-ex, NHLBI 

EVS, and ExAC databases, supporting their likely pathogenicity.  

 

Mutations in CASK and IQSEC2 have been reported to cause syndromic and non-

syndromic X-linked intellectual disability (XLID); hemizygous mutations in CASK are 

associated with FG syndrome (MIM: 300422), characterised by ID, hypotonia, 

macrocephaly, constipation, aggressive outbursts, and dysmorphic features such as 

a prominent forehead, hypertelorism, micrognathia, and a long philtrum (Piluso et al. 

2009), whereas heterozygous loss-of-function (LOH) mutations in CASK are 

associated with ID and microcephaly with pontine and cerebellar hypoplasia (MIC-

PCH; MIM: 300749), characterised by microcephaly, pontine cerebellar hypoplasia, 

reduced visual acuity, and facial dysmorphism, including a flat midface, open mouth, 

flat nasal bridge, and upslanting palpebral fissures, with or without nystagmus and 

strabismus (Moog et al. 2011). Interestingly, megalocornea was reported in two 

affected females (Burglen et al. 2012). Hemizygous missense and LOH mutations in 

IQSEC2 caused non-syndromic mild to moderate ID (MIM:309530), and  more 

severe syndromic ID, respectively (Shoubridge et al. 2010; Tran Mau-Them et al. 
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2014). Patients with IQSEC2 LOH mutations exhibited ID, hypotonia, strabismus, 

hyperkinesia, autistic behaviour, and midline stereotypic hand movements (Tran 

Mau-Them et al. 2014). Segregation analyses confirmed the segregation of the 

IQSEC2 variant with the condition in Family W as all of unaffected males are wild 

type,  whereas  the  proband’s  mother (II:2) is a carrier and she inherited the variant 

from the  proband’s  maternal  grandmother (I:2). The  proband’s unaffected maternal 

uncle (II:3) was found to have the same CASK hemizygous missense variant, 

c.2606G>A, p.(Arg869His) as the proband (Figure 4.18B). Thorough clinical 

examination confirmed that the maternal uncle did not have any ocular or 

extraocular problems, thereby excluding the CASK variant as causative of the 

condition in Family W. Although the IQSEC2 variant segregated with the disease in 

the family, the database revealed one healthy European male (NA12775) with the 

same hemizygous variant in the IQSEC2 gene in dbSNP (rs782357394). As the 

phenotypes observed in the proband are congenital, this finding suggests that the 

IQSEC2 variant was unlikely to be causative of his condition.  

 

Analysis of his WES data did not identify any other X-linked variants or homozygous 

variants. Analysis of potential compound heterozygous variants revealed only rare 

variants in the RBM20 gene. However, mutations in this gene are associated with 

dilated cardiomyopathy (MIM: 613172). Proband W did not have any heart defects, 

thereby excluding these variants to be causative of his condition. Next, given that 

both of his unrelated parents are unaffected, this prompted the hypothesis that his 

phenotype may be caused by a de novo heterozygous mutation. Analysis of his rare 

variant dataset identified 38 unique heterozygous variants, which are absent in the 

1000 Genomes, NHLBI EVS, ExAC and internal UCL-ex databases. However, none 

of these 38 heterozygous variants are in ASD-associated genes. Therefore, variant 

prioritisation was performed using Exomiser, Phenomiser, ASD and neuromuscular 

defect candidate gene lists created for filtering, and a cornea proteome list (section 

2.2.1.6.4; Appendix C, D, and F), which prioritised variants based on their 

pathogenicity, relevant functions, associated phenotype or expression in relevant 

tissues. This method identified 6 potential variants in COL27A1, PSMB6, PLA2R1, 

ATRNL1, C9orf57, and HSPB1. These genes were shortlisted by at least two of the 

above prioritisation methods. Segregation analysis was then performed for these 

variants using the parental samples. However, all of these variants were excluded 

as causative due to the presence of the variant in one of the healthy parents (Table 

4.7). The primers and their cycling conditions are listed in Appendix A. 
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This led to a less stringent prioritisation by selecting variants in genes that were 

selected by one of the above prioritisation methods. This identified another 15 

variants, including 14 nonsynonymous and a splice site variant. Segregation 

analysis was performed, which again ruled out all of these variants as the cause of 

the syndromic megalocornea, as the variants were found in one of his parents 

(Table 4.7). Thus, a total of 21 unique heterozygous variants have been excluded 

as causative of the phenotypes in this family, and 17 unique heterozygous variants 

remain to be tested in the proband and his parents (Table 4.8). However, due to the 

lack of another unrelated family with a similar phenotype, and lack of evidence to 

show a functional link between these genes and the phenotype, segregation 

analyses was not performed for the 17 remaining variants. WES data for the 

proband was also analysed by ExomeDepth (Plagnol et al. 2012) to identify any 

potentially causative exonic CNVs on the X-chromosome and autosomes; however, 

no likely deleterious CNVs were identified.  
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Figure 4.18 Segregation analyses of X-linked CASK and IQSEC2 missense 
variants in Family W. (A) Pedigree of Family W with one affected male (III:1). 

There is no family history and all other family members are unaffected. (B) 
Segregation  analyses  of  hemizygous  missense  variants   identified   in   the  proband’s  

WES data in CASK, c.2606G>A, p.(Arg869His), and IQSEC2, c.578G>C, 

p.(Gly193Ala). All available unaffected male members are wild type for the IQSEC2 

variant, whereas the unaffected maternal uncle (II:3) carried the same hemizygous 

missense CASK variant. 
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Table 4.7 Segregation analyses of unique heterozygous variants identified in the WES data of Family W 

No HUGO gene Nucleotide 
change Protein change Consequence Associated phenotype Parental genotype Results Father Mother 

1 COL27A1 c.4481A>C p.(E1494A) Nonsyn AR Steel syndrome AA AC* Excluded 
2 HSPB1 c.555C>T p.(F185F) Syn AD Charcot-Marie-Tooth disease CC CT* Excluded 
3 PSMB6 c.532C>G p.(R178G) Nonsyn NA CC CG* Excluded 
4 PLA2R1 c.2266C>G p.(P756A) Nonsyn NA CC CG* Excluded 
5 ATRNL1 c.712_741del p.(238_247del) Non-fs NA c.712_741del* WT Excluded 
6 C9orf57 c.384G>A p.(K128K) Syn NA GA* GG Excluded 
7 PCDH8 c.1450A>G p.(T484A) Nonsyn NA AG* AA Excluded 
8 PCNX c.2122A>C p.(M708L) Nonsyn NA AA AC* Excluded 
9 CD5L c.685A>C p.(N229H) Nonsyn NA AC* AA Excluded 
10 NDUFS1 c.713A>G p.(D238G) Nonsyn Mitochondrial complex I deficiency AG* AA Excluded 
11 LRRFIP1 c.395A>G p.(Y132C) Nonsyn NA AA AG* Excluded 
12 PGM2 c.574A>G p.(I192V) Nonsyn NA AA AG* Excluded 
13 STC1 c.650A>G p.(N217S) Nonsyn NA AA AG* Excluded 
14 STIP1 c.121T>G p.(S41A) Nonsyn NA TG* TT Excluded 
15 MTHFD1L c.279+4A>G p.? Splicing NA AA AG* Excluded 
16 TAC3 c.299C>T p.(P100L) Nonsyn Hypogonadotropic hypogonadism  CT* CC Excluded 
17 ANKRD13D c.1178A>G p.(K393R) Nonsyn NA AG* AA Excluded 
18 CCDC70 c.221G>A p.(G74D) Nonsyn NA GA* GG Excluded 
19 EP400 c.5764A>G p.(R1922G) Nonsyn NA AG* AA Excluded 
20 RUNDC3A c.1091G>A p.(R364K) Nonsyn NA GA* GG Excluded 
21 VWA5B1 c.592G>T p.(A198S) Nonsyn NA GT* GG Excluded 
The following abbreviations are used: AD, autosomal dominant; AR, autosomal recessive; NA, not available; non-fs, non-frameshift; nonsyn, 
nonsynonymous; syn, synonymous; WT, wild type. All of these heterozygous variants are absent in the 1000 Genomes, NHLBI EVS, ExAC and UCL-ex 
databases. Asterisks indicate parent that carried the same variant as the proband. 
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Table 4.8 Unique heterozygous variants of unknown significance identified in the WES data in Family W 

No HUGO gene Nucleotide change Protein change Consequence 

1 HACE1 c.3_4insCGCGGAGGGCGCGCCGAGGAT p.(M1delinsIAEGAPRM) Non-fs 
2 AHNAK c.11725A>G p.(I3909V) Nonsyn 
3 SLC22A18 c.347G>A p.(G116E) Nonsyn 
4 ZNF142 c.3928C>G p.(P1310A) Nonsyn 
5 ANKRD28 c.260+4T>C p.? Splicing 
6 GBAS c.340-4A>G p.? Splicing 
7 PLAS2G4C c.1581-2->C p.? Splicing 
8 PRKCZ c.414-5T>C p.? Splicing 
9 SLC4A1AP c.544+5G>A p.? Splicing 
10 MEGF8 c.5111A>G p.(E1704G) Nonsyn 
11 DLL1 c.17C>T p.(A6V) Nonsyn 
12 HIST1H1A c.194T>C p.(L65P) Nonsyn 
13 MCMBP c.710C>T p.(P237L) Nonsyn 
14 OXER1 c.821G>A p.(S274N) Nonsyn 
15 PKDREJ c.6581C>A p.(T2194N) Nonsyn 
16 RNF41 c.256G>A p.(A86T) Nonsyn 
17 GBAS c.340-4A>G p.? Splicing 
The following abbreviations are used: non-fs, non-frameshift; nonsyn, nonsynonymous. All of these heterozygous variants are absent in the 1000 
Genomes, NHLBI EVS, ExAC and UCL-ex databases.  
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4.2.5.5 Heterozygous mutation in KDM5B causes syndromic 
megalocornea in Family X 

As mutations on chromosome 6p25 and point mutations in FOXC1 have been 

associated with a wide spectrum of anterior segment dysgenesis (ASD) phenotypes 

associated with variable systemic anomalies (see section 4.1), the WES data of 

proband X was investigated for any changes in the FOXC1 gene. On examination of 

the coverage of the FOXC1 gene in the proband’s   WES   data,   some   regions   in  

lacking exome coverage were found. PCR amplification and Sanger sequencing 

were used to cover the WES gaps using standard methodology as previously 

described (section 4.2.4; primers and the cycling conditions are listed in Appendix 

A); however, no mutation in FOXC1 was identified. Comparative genomic 

hybridisation (CGH) was performed by the referring clinic, which ruled out CNVs of 

Chr6p25 in the proband. These findings therefore excluded CNVs of Chr6p25 as 

causative of her syndromic megalocornea.  

 

Filtering for WES variants   with   MAF≤0.005   identified   272   rare   variants in the 

proband. Cross-referencing of this rare variant dataset with the neuromuscular 

defect gene list created for filtering (section 2.2.1.6.4; Appendix F) identified a 

potential rare heterozygous missense variant in SHANK3 (SH3 and multiple ankyrin 

repeat domains 3; MIM: 606230), c.1647C>T, p.(Arg549Ser). Mutations in SHANK3 

have been reported to cause autosomal dominant Phelan-McDermid syndrome 

(MIM: 606232), which is characterised by global developmental growth, hypotonia, 

severely delayed speech, autistic behaviour, and facial dysmorphisms (Precht et al. 

1998). However, segregation analysis confirmed that the unaffected father carried 

the same heterozygous variant, SHANK3 c.1647C>T, p.(Arg549Ser), excluding the 

variant as causative (Figure 4.19B).  

 

Due to the plausible autosomal recessive or de novo inheritance of the condition in 

the family, rare heterozygous, homozygous, and potentially compound 

heterozygous variants were interrogated. Analysis of her WES data identified only 

one homozygous variant, which is a missense variant, c.1543G>C, p.(Glu515Gln) in 

SLC28A2 (solute carrier family 28, member 2; MIM: 606208). However, this variant 

is present at a homozygous frequency of 2/60,000 in the ExAC database. Therefore, 

it is unlikely to be the cause. No potential compound heterozygous variants were 

identified in this proband.  
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The latest clinical review of this patient revealed that she has also developed kidney 

problems: proteinuria, hyperoxaluria and nephrocalcinosis. By using the KEGG 

disease database (section 2.2.2.14), a list of genes that have been associated with 

proteinuria, hyperoxaluria, nephrocalcinosis, hyperoxalosis, and nephrotic syndrome 

was created (Table 4.9). However, cross-referencing of these genes with her rare 

variant dataset did not identify any potential variants in these genes. 

 

Next, given that her parents were unaffected, de novo inheritance was considered 

for her condition. Thus, this step filtered for heterozygous variants, which were 

unique to the proband and were absent in the 1000 Genomes, NHLBI EVS, ExAC 

and internal UCL-ex databases. This identified 36 unique heterozygous variants, 

which were then prioritised using Exomiser, Phenomiser, ASD and neuromuscular 

defect candidate gene lists and a cornea proteome list (section 2.2.1.6.4; Appendix 

C, D, and F). Variants were prioritised based on their pathogenicity, relevant 

functions, associated phenotype or expression in relevant tissues. This step 

highlighted 11 unique heterozygous variants (Table 4.10). Segregation analysis was 

then performed for these variants; however, all of them were excluded due to the 

presence of these variants in either of the healthy parents (Table 4.10).  

 

After exclusion of the 11 filtered heterozygous variants, a total of 25 unique 

heterozygous variants remained to be verified. However, in this study we did not 

have a second family with the same phenotype and there was no obvious 

association of these genes with the patient phenotype. During this WES analysis, it 

came to light that this proband had also been recruited to the 100,000 Genomes 

Project led by Genomics England. In a BBC news bulletin, they announced that they 

had identified a de novo heterozygous nonsense mutation, c.2359C>T, p.(Arg787*) 

in KDM5B (lysine-specific demethylase 5b; MIM: 605393), as the genetic cause of 

the syndrome in this proband (http://www.bbc.co.uk/news/health-35282764). This 

variant was one of the aforementioned 25 unique heterozygous variants yet to be 

verified by segregation analysis. In addition to Family X, they also found mutations 

in the same gene in two other families presenting with similar phenotypes, 

supporting the conclusion that this syndrome was caused by a de novo 

heterozygous mutations in KDM5B. KDM5B encodes a histone demethylase that 

demethylates lys4 of histone H3, which is an important epigenetic modification in 

gene activation (Shao et al. 2014). Mutations in KDM5B had not been previously 

associated with any disease.  
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In the wake of the identification of a unique heterozygous mutation in KDM5B as the 

genetic cause of syndromic megalocornea in Family X, the WES data of proband in 

Family W was also investigated for variants in KDM5B. However, this gene was fully 

covered in his WES data and no potential variant was identified. 

 

    

 
Figure 4.19 Segregation analysis of a heterozygous SHANK3 variant in Family 
X. (A) Pedigree of Family X with an affected female proband (II:1). Her unrelated 

parents (I:1 and I:2) are unaffected. (B) Sequence electropherogram shows a 

missense variant in SHANK3, c.1647C>T, p.(Arg549Ser) in the proband. The 

parents’  sequence  electropherograms are shown above the patient sequence. The 

unaffected father carried the same variant as the proband. 
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Table 4.9 Genes associated with proteinuria, hyperoxaluria, nephrocalcinosis, and related diseases. 

HUGO gene  Gene name Associated disease 
LCAT Lecithin-cholesterol acyltransferase Norum disease (MIM: 245900); Fish-eye disease (MIM: 136120) 
PTGS1 Prostaglandin-endoperoxide synthase 1 Nephrotic syndrome and focal segmental glomerulosclerosis 
PDCN Podocin Nephrotic syndrome, type 2 (MIM:600995) 
WT1 WT1 gene Nephrotic syndrome, type 4 (MIM: 256370) 
PLCE1  Phospholipase C, epsilon-1 Nephrotic syndrome, type 3 (MIM: 610725) 
LAMB2 Laminin, beta-2 Pierson syndrome (MIM:609040) 
PTPRO Protein-tyrosine phosphatase, receptor-type, O Nephrotic syndrome, type 6 (MIM: 614196) 
DGKE Diacylglycerol kinase, epsilon Nephrotic syndrome, type 7 (MIM: 615008) 
ARHGDIA Rho GDP-dissociation inhibitor alpha Nephrotic syndrome, type 8 (MIM: 615244) 
NPHS1 Nephrin Nephrotic syndrome, type 1 (MIM: 256300) 
ADCK4 AARF domain-containing kinase 4 Nephrotic syndrome, type 9 (MIM: 615573) 
ACTN4 Actinin, alpha-4 Glomerulosclerosis, focal segmental, 1 (MIM: 603278) 

TRPC6 Transient receptor potential cation channel, 
subfamily C, member 6 Glomerulosclerosis, focal segmental, 2 (MIM: 603965) 

CD2AP  Cd2-associated protein Glomerulosclerosis, focal segmental, 3 (MIM: 607832) 
INF2  Inverted formin 2 Glomerulosclerosis, focal segmental, 5 (MIM: 613237) 

CLCN5 Chloride channel 5 Dent disease (MIM: 300009); Nephrolithiasis (MIM: 310468); Proteinuria with hypercalciuric 
nephrocalcinosis (MIM: 308990); Hypophosphatemic rickets (MIM: 300554) 

OCRL1 OCRL gene Dent disease 2 (MIM: 300555); Lowe syndrome (MIM: 309000) 
LRP2 Low density lipoprotein receptor-related protein 2 Donnai-Barrow syndrome (MIM: 222448) 
APOE  Apolipoprotein E Lipoprotein glomerulopathy (MIM: 611771) 
FN1  
 Fibronectin 1 Glomerulopathy with fibronectin deposits 2 (GFND) (MIM: 601894) 

Plasma fibronectin deficiency (MIM: 614101) 
AGXT Alanine-glyoxylate aminotransferase  Primary hyperoxaluria, type 1 (MIM: 259900) 
GRHPR Glyoxylate reductase/hydroxypyruvate reductase Primary hyperoxaluria, type 2 (MIM: 260000) 
HOGA1 4-hydroxy-2-oxoglutarate aldolase 1 Primary hyperoxaluria, type 3 (MIM: 613616) 
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Table 4.10 Eleven unique heterozygous variants excluded as causative by segregation analysis in Family X 

No HUGO gene Nucleotide 
change Protein change Consequence Associated phenotype Parental genotype Results Father Mother 

1 DCAF8 c.150G>C p.(L50F) Nonsyn AD giant axonal neuropathy GC* GG Excluded 
2 NUP205 c.4090G>A p.(E1364K) Nonsyn NA GG GA* Excluded 
3 TCP1 c.151-4T>G p.? Splicing NA TT TG* Excluded 
4 CSN2 c.535A>G p.(I179V) Nonsyn NA AG AA* Excluded 
5 GCNT3 c.1315T>G p.(*439G) Read through NA TG* TT Excluded 
6 SEPT2 c.301C>T p.(R101*) Stop NA CC CT* Excluded 
7 EIF4G2 c.1275G>A p.(M425I) Nonsyn NA GG GA* Excluded 
8 RYR2 c.10963G>A p.(D3655N) Nonsyn NA GG GA* Excluded 
9 SMARCA1 c.1957A>G p.(I653V) Nonsyn NA AA AG* Excluded 
10 GABBR1 c.1842C>G p.(I614M) Nonsyn NA CG* CC Excluded 
11 AP5B1 c.2443C>G p.(L815V) Nonsyn NA CC CG* Excluded 
The following abbreviations are used: AD, NA, not available; nonsyn, nonsynonymous. All of these heterozygous variants are absent in the 1000 
Genomes, NHLBI EVS, ExAC and UCL-ex databases. Asterisks indicate parent that carried the same variant as the proband. 
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4.2.5.6 Summary of the genetic causes of syndromic megalocornea 
In summary, using a combination of WES and Sanger sequencing, different genetic 

causes have been identified in the syndromic megalocornea families recruited to 

this study, further confirming that a diagnosis of syndromic megalocornea (initially 

known as MMR syndrome) represents a spectrum of conditions, encompassing 

ARS and other syndromic conditions with overlapping phenotypes. In Family T, a 

digenic inheritance of syndromic megalocornea was demonstrated, in which a 

hemizygous missense mutation in CHRDL1, p.(Cys155Tyr) is responsible for the 

megalocornea phenotype but it is likely that a yet to be identified genetic variant 

causes the   proband’s   extraocular   phenotypes.   Unique   heterozygous  mutations   in  

FOXC1, p.(Arg127Cys) and p.(Arg170Trp) were found to be causative of autosomal 

dominant syndromic megalocornea in Families V and Y, respectively. Thus, the 

diagnosis can be revised to Axenfeld-Rieger syndrome (ARS). Compound 

heterozygous mutations in LTBP2, p.(Cys1242Tyrfs*62) and p.(Trp1274*) were 

found to cause autosomal recessive syndromic megalocornea in Family U; whereas 

in Family X, a unique heterozygous de novo nonsense mutation in KDM5B, 

p.(Arg787*) was identified (Table 4.11). The genetic cause(s) of syndromic 

megalocornea in Families W and Z are still unresolved. 

 

Table 4.11 Summary of the genetic causes of syndromic megalocornea  

Syndromic 
megalocornea 

family 
Genetic cause(s) Revised diagnosis 

T Hemizygous CHRDL1 
c.464G>A, p.(Cys155Tyr) 

Potentially digenic 
The genetic cause of megalocornea was 
solved.  

U 

Compound heterozygous LTBP2 
c.3723_3726del, 
p.(Cys1242Tyrfs*62) 
c.3821delG, p.(Trp1274*) 

Autosomal recessive syndromic 
megalocornea, similar to PCG-marfanoid 
syndrome 

V Heterozygous FOXC1 
c.379C>T, p.(Arg127Cys) 

Autosomal dominant syndromic 
megalocornea, ARS 

W ? More families are required 

X Heterozygous KDM5B 
c.2359C>T, p.(Arg787*) 

Autosomal dominant syndromic 
megalocornea, unclassified 

Y Heterozygous FOXC1 
c.508C>T, p.(Arg170Trp) 

Autosomal dominant syndromic 
megalocornea, ARS 

Z ? Inadequate DNA sample 
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4.3 DISCUSSION 
 

4.3.1 Is MMR syndrome a clinical entity? 
In this study, seven syndromic megalocornea families initially diagnosed with MMR 

syndrome or syndromic ASD were referred by different consultant clinicians and 

clinical geneticists. Clinical examination of the affected individuals from these 

families revealed extensive phenotypic heterogeneity, consistent with the previous 

findings (Verloes et al., 1993; Gutierrez-Amavizca et al., 2013). Megalocornea was 

the only consistent feature shared by all 7 families with variable facial 

dysmorphisms. The presentation of other ocular and extraocular features was 

otherwise inconsistent (Table 4.1 and Table 4.12). Families T, V, W, X, Y, and Z 

displayed megalocornea, facial dysmorphism and variable neurological anomalies. 

Kidney problems were also reported in the proband from Family X. The proband in 

Family U displayed megalocornea, tall stature, and hypermobility. ID and other 

neurological anomalies were absent in this proband. In Family Z, digital anomalies 

were observed in the affected males, which were absent in other families.  

 
In addition to the high phenotypic heterogeneity, clinical examination of the 

presumed MMR families demonstrated extensive overlapping features with ARS 

and PCG-marfanoid syndromes (Table 4.12), suggesting that MMR syndrome may 

not represent a separate clinical entity and could represent the ARS spectrum or 

PCG syndrome, at least in some cases. 
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Table 4.12 Comparison of the described clinical presentations of MMR, ARS 
and syndromic PCG. 
 MMR ARS PCG syndrome 
Ocular  
Megalocornea + +/- +/- 
Iris hypoplasia +/- +/- +/- 
Posterior embryotoxon +/- + - 
Ocular hypertension  +/- +/- + 
Ectopia lentis and 
microspherophakia +/- - +/- 

Neurological 
Developmental delay +/- +/- - 
Hypotonia +/- +/- - 
Intellectual disability +/- +/- - 
Abnormal MRI brain scan +/- +/- - 
Craniofacial dysmorphism 
Macro/Microcephaly  +/- +/- - 
Facial dysmorphism +/- +/- +/-  
Skeletal anomalies 
Pectus excavatum +/- +/- - 
Heart defects +/- +/- +/- (WMS) 
Digital anomalies +/- - +/- (WMS)  
Marfanoid features +/- - +/- 

Genetic cause(s) NA FOXC1, 
PITX2 LTBP2 

The following abbreviations are used: MMR, megalocornea-mental retardation 
syndrome; ARS, Axenfeld-Rieger syndrome; PCG, primary congenital glaucoma; 
WMS, Weill-Marchesani-like syndrome. The phenotypes of MMR presented here 
are in accordance to the MMR families recruited to this study. (+) and (-) denote 
the presence and absence of a clinical feature, respectively.  
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4.3.2 Association of syndromic megalocornea with different genetic 
causes  

 
The genetic cause of syndromic megalocornea was identified in 5 out of 7 families 

in this study, which included potentially digenic inheritance in one family 

(hemizygous mutation in CHRDL1 contributed to the megalocornea phenotype and 

another yet to be identified genetic cause for extraocular features), autosomal 

dominant inheritance or de novo heterozygous mutations in FOXC1 in two families, 

heterozygous loss-of-function mutation in KDM5B in one family, and autosomal 

recessive mutations in LTBP2 in one family. Therefore, these genetic findings 

further support the conclusion that MMR is in fact not a distinct or single clinical 

entity but a collective description of rare ARS or other syndromic cases with 

overlapping phenotypes.  

 

4.3.2.1 Possible digenic inheritance in rare syndromic megalocornea 
A novel hemizygous missense mutation in the CHRDL1 gene c.464G>A, 

p.(Cys155Tyr) was identified in syndromic megalocornea Family T (section 4.2.2). 

Mutations in CHRDL1 are associated with X-linked megalocornea (MGC1). Thus, 

this CHRDL1 mutation only accounts for the megalocornea phenotype in this patient 

as none of the other MGC1 patients with CHRDL1 mutations displayed any 

extraocular phenotypes (see Chapter 3 and Webb et al. 2012). In the proband from 

this family, WES identified a potential X-linked   variant   in   the   5’UTR   of   an   ID-

associated gene, CUL4B. A recent study demonstrated that CUL4B-silenced cells 

caused Jab1 (substrate for CUL4B) accumulation and resulted in upregulation 

of BMP signalling (He et al. 2013), which is known to be important in ocular 

development (Wordinger and Clark 2007). In addition, CUL4B was reported to be 

involved in the regulation of the turnover of androgen receptor (AR) and 

overexpression of AR in mice has been shown to result in muscle weakness 
(Kerzendorfer et al. 2011). Interestingly, as hypotonia is one of the extraocular 

phenotypes displayed by the proband, considering the similarity between the 

phenotypes observed in the aforementioned mouse model (muscle weakness) and 

the patient (hypotonia, reduced muscle strength), the variant identified in the CUL4B 

gene appeared compelling, suggesting that it may be causative of his extraocular 

phenotypes. However, investigation of the extended pedigree of Family T suggested 

likely paternal transmission of ID and epilepsy due to the presentation of the 

neurological   symptoms   in   the   proband’s   paternal   half-siblings (Figure 4.1). This 
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finding suggests the following possibilities; 1) the CUL4B variant is causative of ID 

in the proband, whereas in his paternal half siblings the neurological phenotypes are 

caused by a different mutation or other environmental factors such as pregnancy 

complications; 2) neurological phenotypes in this family are paternally-transmitted 

and are more likely to be an autosomal dominant condition with reduced penetrance 

or variable expressivity as the father was asymptomatic; 3) the neurological 

phenotypes are caused by a mutation in an unknown ID-associated gene or in the 

non-coding region, which was not covered by WES. Thus, although the CUL4B 

variant appeared compelling, the effect of this variant remains inconclusive. Future 

study could investigate CUL4B expression at the RNA level in the proband to 

determine whether the 5’UTR  variant  affects  transcription  of  the  CUL4B gene. The 

genetic cause of the extraocular phenotypes in this family remains unexplained. 

However, considering the rarity of syndromic megalocornea and the identification of 

a CHRDL1 mutation accounting for the megalocornea phenotype, this suggests that 

syndromic megalocornea in some cases may be a digenic or multigenic disease.  

 

4.3.2.2 Under-recognised ARS phenotypic spectrum caused by FOXC1 
mutations? 

Three novel FOXC1 intragenic mutations, p.(Arg127Cys), p.(Arg170Trp), and 

p.(Ser323Argfs*78) were identified in three ARS Families V, Y, and AA, respectively 

(Families V and Y were initially diagnosed with MMR syndrome). FOXC1 mutations 

have been associated with ARS, a highly phenotypically heterogeneous condition, 

characterised by anterior chamber anomalies (posterior embryotoxon, iris 

hypoplasia, corectopia, and polycoria with an increased risk of developing 

glaucoma), dental anomalies (hypodontia and microdontia), redundant pre-umbilical 

skin, typical facial gestalt (a prominent broad forehead, hypertelorism, downslanting 

palpebral fissures, retrognathia/micrognathia, low set ears), cardiac and 

neurological defects, and sensorineural hearing loss (Fitch and Kaback 1978; 

Nishimura et al. 2001; Lines et al. 2002; DeScipio et al. 2005).  

 

A variable degree of cerebellar and posterior fossa malformations have also been 

reported in patients with 6p25 deletions/duplications encompassing FOXC1, and 

FOXC1 point mutations (DeScipio et al. 2005; Maclean et al. 2005; Aldinger et al. 

2009). The severity of the cerebellar anomalies increased with the size of deletion; 

larger 6p25 deletions caused the most severe form of cerebellar defect, known as 

Dandy Walker malformation (DWM), 6p25 duplications are associated with 
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megacisterna magna (MCM), whereas patients with FOXC1 point mutations had 

displayed cerebellar vermis hypoplasia (CVH), a milder form of cerebellar 

malformation with normal vermis position and posterior fossa size (Maclean et al. 

2005; Aldinger et al. 2009; Delahaye et al. 2012). The genotype-phenotype 

correlation is therefore consistent with the CVH phenotype in affected individuals in 

Family Y, who have a missense mutation p.(Arg170Trp) in FOXC1. Thus, this 

finding confirmed that the diagnosis of MMR syndrome in Families V and Y can be 

revised to ARS based on the genetic findings, and exemplifies the heterogeneous 

phenotypic spectrum of ARS.  

 

FOXC1 encodes forkhead winged-helix transcription factor, which regulates 

numerous genes, and plays an important role in organ development, including eye, 

heart, brain, somites, kidney and urinary tract (Kume et al. 2000, 2001; Seo et al. 

2006; Berry et al. 2008; Aldinger et al. 2009). The large number of FOXC1-

regulated genes and its expression in a wide array of tissues explains the wide-

ranging phenotypic effects associated with FOXC1 mutations. The FOXC1 

missense mutations identified in Families V and Y are positioned within the highly 

conserved forkhead domain (Figure 4.16C and Figure 4.17C), and Arg127Cys 

resides within the DNA binding domain (Figure 4.16C). Previous studies have 

shown that point mutations in the forkhead domain cause reduced activity of FOXC1 

by affecting protein instability, which in turn reduced DNA binding or transactivation 

ability (Saleem et al. 2001). This therefore supports the likely pathogenicity of the 

missense mutations identified in FOXC1 in Families V and Y. Although the 

frameshift mutation p.(Ser323Argfs*78) is not in the forkhead domain, it is predicted 

to disrupt protein function, folding or stability (Figure 4.13C).  

 

The finding of FOXC1 mutations in two families initially diagnosed with MMR 

syndrome has several implications for understanding the molecular genetics and 

phenotypic heterogeneity of syndromic megalocornea. The extensive overlapping 

features between MMR and ARS suggest that some of the previously reported 

MMR cases are likely part of the ARS spectrum and therefore screening for FOXC1 

mutations should be performed in genetically unresolved families. The association 

of FOXC1 mutations with structural brain anomalies is likely under-recognised in the 

current literature, which leads to a misdiagnosis of ARS as MMR syndrome. Thus, 

patients with FOXC1 mutations should be carefully examined by clinicians of 

different expertise to ensure a thorough and more accurate delineation of 

phenotypes associated with FOXC1 mutations is reported. 
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4.3.2.3 Recessive mutation in LTBP2 causes syndromic megalocornea 
Compound heterozygous mutations in LTBP2, p.(Cys1242Tyrfs*62) and 

p.(Trp1274*) were identified in syndromic megalocornea Family U. Clinical 

examination of the proband in this family revealed hypermobility in the proband and 

his mother, which likely represents a new LTBP2-associated phenotype.  

 

Recessive mutations in LTBP2 are most commonly associated with isolated primary 

congenital glaucoma (PCG) (Ali et al. 2009; Narooie-Nejad et al. 2009). In some 

cases, glaucoma was reportedly to be secondary to congenital megalocornea 

associated with microspherophakia, and ectopia lentis (Désir et al. 2010; Khan et al. 

2011). Interestingly, some of the LTBP2 patients also exhibited marfanoid features 

such as tall and thin stature with long arm span, and decreased upper to lower body 

ratio as well as facial dysmorphism including high arched palate (Désir et al. 2010; 

Khan et al. 2011). LTBP2 mutations have also been associated with Weill-

Marchesani syndrome (WMS; MIM: 614819), where the affecteds presented with 

ectopia lentis, increased IOPs, reduced anterior chamber depth, microspherophakia, 

brachydactyly, joint stiffness, and pulmonary and aortic stenosis (Haji-Seyed-Javadi 

et al. 2012) (Table 4.12). However, in these WMS-like cases, other genetic cause(s) 

may be contributing to the extraocular phenotypes. The tall stature of the proband in 

Family U is similar to the previously described marfanoid features, demonstrating 

that recessive mutations in LTBP2 are causative of syndromic megalocornea in 

Family U. Given this genetic diagnosis, it will be important to regularly clinically 

review the proband as he is at risk of developing glaucoma. 
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4.3.3 The importance of deep phenotyping 
This study demonstrates the importance of deep phenotyping in patients with 

syndromic features. Given the wide spectrum of phenotypes associated with 

FOXC1 mutations, and results from this study, it is apparent that that extraocular 

phenotypes caused by FOXC1 mutations are currently under-recognised and it is 

likely that there may be a wider spectrum of phenotypic associations. In addition, 

examination of syndromic patients is usually performed by clinicians of different 

expertise, therefore a complete picture with detailed clinical descriptions would 

assist scientists in prioritising candidate genes for genetic screening without 

overlooking any important clinical details that may be informative. Furthermore, 

interchangeable clinical terms can be confusing, the use of consensual clinical 

descriptions when describing patient phenotypes can be achieved by using Human 

Phenotype Ontology (HPO) terms (Köhler et al. 2014). This will therefore improve 

information transfer between clinicians   and   scientists   about   a   patient’s   diagnosis  

and family history, which will undoubtedly assist the downstream genetic screening 

approach and prioritisation of potentially pathogenic variants. 

 
It is also important to obtain detailed information about any other ocular phenotypes 

associated with megalocornea, including the age of onset for each feature, as this 

may reflect the underlying perturbed mechanisms involved in eye development (see 

section 1.1.3). For example, congenital megalocornea is either caused by abnormal 

anterior chamber angle formation during development, or is a secondary effect of 

increased intraocular pressure in the anterior chamber. The presence of primary 

lens anomalies with megalocornea is more likely to be caused by genes that are 

expressed by the surface ectoderm, which forms the lens vesicle during eye 

development, such as LTBP2, mutations in which are associated with 

megalocornea and ectopia lentis. In ARS caused by mutations in FOXC1, 

megalocornea may be present but primary lens anomalies are not a feature. This is 

due to the exclusion of FOXC1 expression from the lens and optic cup during eye 

development, although lens defects may present secondarily to other anterior 

segment defects. Thus, for conditions associated with eye developmental disorders, 

such as syndromic megalocornea, it is vitally important to know the primary or 

secondary nature of the ocular anomalies and other co-existing ocular phenotypes. 
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4.3.4 Problems with defining the molecular genetic cause of rare 
disease and robustness of WES 

The most common problem with the genetic study of rare diseases is the lack of 

families with the same phenotypes that would help to narrow down the genetic 

cause and verify findings, which is exemplified by this study. In the proband from 

Family X diagnosed with megalocornea, neurological abnormalities and kidney 

problems, further WES analysis was hampered in this study due to the lack of a 

second family presenting with similar phenotypes. The patient is a single affected 

child in the family and the lack of family history made it difficult to verify the genetic 

cause. The genetic cause of the rare condition in Family X was later solved by 

100,000 Genomes Project led by the Genomics England, which successfully 

pinpointed the mutations based on the fact that the same gene was implicated in 

another two families presenting with the same phenotypes, even though there was 

no functional data that suggested this may be the causative gene 

(http://www.bbc.co.uk/news/health-35282764). 

 

This study shows that WES is a robust tool in identifying the genetic causes of rare 

diseases. An average of approximately 20,000 variants were found in an individual’s  

WES data compared to the reference sequence. Therefore, a systematic filtering 

approach is required to identify the disease-associated mutation. Different variant 

prioritisation methods were employed in this study. Due to the rarity of syndromic 

megalocornea, the disease-associated mutations must be rare. Thus, only rare 

variants  with  MAF≤0.005  were  selected  for  further   interrogation.  There  is  no  single  

best approach for prioritising variants, and the approach depends on the available 

information about the study subjects, presenting phenotype and family history 

(mode of inheritance, prior knowledge of genes associated with the phenotypes, 

and so forth) and size of the pedigree or number of families presenting with similar 

phenotypes. When more than one family with same phenotype is available, the best 

approach is to identify variants in gene(s) shared by these families. This is however 

not always possible due to the rarity of the disease, and as yet-unrecognised 

phenotypic heterogeneity associated with some genes/mutations. Variant 

prioritisation based on prior knowledge of the disease and disease-associated 

genes using different bioinformatics tools such as Exomiser, Phenomiser, KEGG 

disease database, GeneCards are useful for identifying variants in genes which 

have already shown to be associated with similar phenotypes (section 2.2.1.6.4). 

However, the drawback of using this biased approach is the tendency to rule out 
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genes with little or unknown functions, thereby reducing the chance of identifying 

mutations in novel genes that are poorly studied. Publicly available WES analysis 

tools continue to be developed and more information has been added to the genetic 

and rare disease databases. With more information and knowledge becoming 

available, the process of deciphering the genetic causes of rare disease will 

certainly be accelerated in the future.       

 

4.3.5  Concluding remarks 
In conclusion, the molecular genetic analysis of syndromic megalocornea in this 

study demonstrates that MMR syndrome is not a single clinical entity but is more 

likely to represent a spectrum of conditions including ARS, PCG syndromes or 

possibly other pre-existing syndromes. WES has proven to be a powerful tool for 

identifying rare disease-associated mutations in this study. For genetically 

unresolved families, more families with the same phenotypes should be recruited to 

unravel the genetic causes of the rare conditions. In addition, the findings from this 

study also suggest that CHRDL1, FOXC1, LTBP2 and KDM5B should be screened 

in patients who were previously diagnosed with MMR syndrome. 
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5 Identification  of  CPAMD8  mutations  as  the  
genetic  cause  of  a  new  form  of  autosomal  
recessive  ASD 
 

5.1 INTRODUCTION 
Anterior segment dysgenesis (ASD) is a term used to describe genetically and 

phenotypically heterogeneous conditions with overlapping ocular features that affect 

the anterior segment (section 1.2 and Table 1.3 in chapter 1). The ocular 

phenotypes that commonly present in ASD include iris hypoplasia, ectopia lentis, 

corectopia, iridocorneal angle anomalies, synechiae, polycoria, posterior 

embryotoxon, increased or reduced corneal diameter, corneal opacity, and corneal 

vascularisation (see Figure 1.9 in chapter 1) (Sowden 2007; Reis and Semina 2011; 

Ito and Walter 2014). Generally, an ASD is characterised by a combination of these 

ocular features, with overlapping features shared between different ASDs. The 

presence or absence of key features allows clinical classification (Sowden 2007; 

Reis and Semina 2011; Ito and Walter 2014). In addition, the same or similar 

phenotypes are associated with mutations in different genes, as described in 

section 1.2 (chapter 1).  

 

In this study, four affected individuals from three unrelated families diagnosed with 

an unknown form of ASD, were investigated. Due to the unusual phenotype of the 

affected individuals from these families, it was hypothesised that either this is a new 

phenotype associated with one of the previously described genes, or that their 

condition is caused by a new gene not been previously associated with ASD. In 

order to discover the genetic cause of this ASD, whole exome sequencing (WES) 

was performed for the probands from these families. 
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5.2 RESULTS 

5.2.1 ASD families and clinical examination 
Four affected individuals from three unrelated families were recruited to this study. 

Families 1 and 2 were referred from Moorfields Eye Hospital, by Mr. Steve Tuft and 

Dr Anthony Moore (Family 1), and Dr Michel Michaelides (Family 2). Family 3 was 

recruited by Dr Anthony Moore and Mr. Martin Snead, Cambridge University NHS 

Foundation Trust, Cambridge. The pedigrees of Families 1-3 are illustrated in Figure 

5.1. 

 

Family 1 is a consanguineous South Asian family with one affected female (II:1). 

Her healthy parents (I:1 and I:2) are first-cousins (Figure 5.1). The proband, now 24 

years old, was first referred at the age of 8 years due to the presentation of 

abnormal eye appearance and reduced vision. She was then diagnosed with iris 

hypoplasia, ectropion uveae, posterior cortical cataract, corectopia (nasally 

displaced) and iridodonesis (Figure 5.2A-B and Table 5.1).   

 

Family 2 consisted of a white affected male (II:1), whose parents were unrelated 

(Figure 5.1). The proband (II:1), now 17 years old, was first referred at the age of 8 

years due to an abnormal eye appearance and mildly reduced vision. He was found  

to have iris hypoplasia with visible lens outline through the iris using 

transillumination, ectropion uveae, nasally displaced pupils (corectopia), and fine 

finger-like projections from the iris collarette, which are likely to be remnants of the 

vascularised foetal pupillary membrane (Figure 5.2C-D and Table 5.1).   

 

In the non-consanguineous white Family 3, there were two affected siblings, one 

male (II:2; now 53 years old) and one female (II:3; now 50 years old) with healthy 

parents (Figure 5.1). Both siblings presented with a similar ocular phenotype. 

Individual II:2 was first referred at the age of 4 years and found to have bilateral 

enlarged corneas (13 mm right eye; 13.5 mm left eye) and anterior synechiae to 

Schwalbe’s   line.  His   IOP  was  normal   and  Haab’s   striae  was  absent.  His   affected  

sister was first examined at the age of 2 years and presented with bilateral enlarged 

corneal diameters (13.5 mm both eyes), a deeply pigmented anterior chamber angle 

(right eye), thin atrophic irides, and posterior anterior synechiae (PAS) without 

increase in IOPs (Table 5.1). Both of the affected siblings were initially diagnosed 

with PCG but were later revised to megalocornea due to the absence of increased 

IOPs and  Haab’s  striae.  At the age of 32 years, individual II:2 developed the need 
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for a reading aid. He underwent a right pars planar vitreolensectomy at the age of 

38 years following the subluxation of his right crystalline lens. Unfortunately, he 

developed a retinal detachment 5 months post-surgery, which was re-attached 

using an encircling band and silicone oil. At the age of 41 years, his left lens 

dislocated into the posterior segment and remains in the vitreous cavity. Therefore, 

he is optically aphakic. He also had corectopia (temporally displaced) and ectropion 

uveae in both eyes (Figure 5.2E-F). At the age of 49 years, he was diagnosed with 

increased IOPs, 26 mmHg (left eye) and 30 mmHg (right eye) and he is on topical 

treatment (Table 5.1). Individual II:3 developed the need for reading glasses at the 

age of 34 years. Four years later, she developed a right posterior subcapsular 

cataract with superior lens subluxation, and was treated by vitreolensectomy and 

sutured scleral fixation of intraocular lens (IOL). However, the IOL subluxed 5 years 

later and was subsequently removed. At the age of 42 years, she developed left 

nuclear sclerotic with superior lens subluxation (Figure 5.2G), which was treated by 

pars planar vitreolensectomy. She had iris hypoplasia with iris transillumination 

defects and temporally displaced pupils (Figure 5.2G-H and Table 5.1).  

 

All of the affected individuals from Families 1-3 shared a similar phenotype; 

predominant iris and lens anomalies with iris hypoplasia, iris transillumination with 

loss of the iris pigment epithelium, corectopia (nasally or temporally), ectropion 

uveae, ectopia lentis with iridodonesis, and mild cataract (Figure 5.2; Table 5.1). 

Anterior synechiae and deep anterior chamber angles were reported in the affected 

siblings from Family 3. However, other ARS-associated ocular phenotypes such as 

posterior embryotoxon was absent. Retinal anomalies and extraocular phenotypes 

were absent in all of the patients. Although individual II:2 from Family 3 with an 

abnormal anterior chamber angle developed ocular hypertension at the age of 49 

years, it was likely exacerbated by lens dislocation and retinal detachment surgery. 

Other affected individuals (age of 17-50 years) did not experience increased IOPs 

(12-18 mmHg), thereby distinguishing them from PCG and ARS patients, who 

frequently presented with congenital or juvenile-onset glaucoma (Table 5.2). Breaks 

in  Descemet’s  membrane  and  corneal  oedema  were  absent,  further deviating their 

phenotype from PCG (Table 5.2).  

 
Although iris hypoplasia was observed in these patients, their corneas and fovea 

were not affected, differentiating them from aniridia patients who present with 
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corneal opacity and foveal hypoplasia in addition to partial to complete iris 

hypoplasia (Table 5.2).  

 

The affected siblings from Family 3 presented with enlarged corneal diameters (13-

13.5 mm), however, it was most likely to be secondary to the increased pressures in 

the anterior chamber, distinguishing this ASD from X-linked megalocornea (MGC1; 

MIM: 309300) (see chapter 3), in which enlarged corneal diameters represent a 

developmental defect. The probands from Families 1 and 2 were reported to have 

normal-sized corneas. However, the exact corneal diameter measurements were 

not available.  

 

In addition, the bilateral ocular manifestations and absence of gaps in the ocular 

tissues in affected individuals differentiate them from coloboma patients, who have 

unilateral or bilateral gap(s) in ocular tissues, caused by an aberrant closure of the 

optic fissure during eye development (see section 1.2.1.4).  

 

Thus, careful and thorough clinical examinations by ophthalmologists suggested 

that their ocular phenotype did not fit with any of the previously described forms 

ASD and represents a new form of ASD. The clinical phenotypes of the affected 

individuals from Families 1-3 are described in Table 5.1. A comparison of the ASD 

described in these individuals with known forms of ASD is shown in Table 5.2. 

 

Blood samples were donated and genomic DNA was extracted from peripheral 

blood lymphocytes using conventional methodologies (section 2.2.1.7). Patients and 

their relatives were clinically assessed by experienced ophthalmologists. Standard 

evaluation consisted of detailed ophthalmic examination and the additional 

measurement of the axial length of the eye and imaging of the anterior segment of 

the eye performed with ocular coherence tomography (OCT; Visante, Carl Zeiss 

Meditec), b-scan ultrasonography, and optical interferometry (IOLMaster, Carl Zeiss 

Meditec). 
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Figure 5.1 Pedigrees of ASD Families 1-3. Black shaded squares and circles 

denote affected males and females; dotted squares and circles denote carrier males 

and females; ? = DNA samples were not available for testing; clear squares and 

circles denote unaffected individuals. Double line indicates consanguinity of the 

family. Arrowhead indicates proband in each family. 

 
Figure 5.2 Clinical images of the recessive ASD patients. The following 

abbreviations are used: LE, left eye; RE, right eye. (A-B) Images of proband from 

Family 1 showing marked iris hypoplasia with focal area of iris pigment loss. 

Ectropion uveae is indicated by a white arrow. The pupils are displaced nasally. 

Pupils have been dilated for examination. (C-D) Proband from Family 2 showing iris 
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hypoplasia, and nasally displaced pupils. The outline of the lens can be seen 

through the hypoplastic iris (white arrow). Ectropion uvea is present and fine 

projections from the iris collarette likely due to persistent foetal pupillary membrane 

(red arrows). (E-F) Images of individual II:2 of Family 3 show temporally displaced 

pupils and irregular edge of iris due to the presence of ectropion uveae (white 

arrow). Arcus juvenilis is present in both eyes. Black arrow indicates the inferior 

surgical iridotomy. (G-H) Individual II:3 of Family 3 presented with iris hypoplasia 

and temporally displaced pupils. Nuclear sclerosis is shown in the left eye (before 

cataract surgery). (H-I) Slit-lamp images show marked iris transillumination in 

individual II:3 from Family 3 (left panel) and proband from Family 2 (right panel), 

respectively. 
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Table 5.1 Clinical details of the ASD phenotype 

 Family 1 Family 2 Family 3 
II:1 (South Asian female) II:1 (white male) II:2 (white male) II:3 (white female) 

Age (age at last follow up) 24 (NA) 17 (NA) 53 (53) 50 (44) 
L(left); R(right) eye R L R L R L R L 

HWTW (mm) 12 12 NA NA 13 13.5 13.5 13.5 
Visual acuity 6/12 6/24 6/6 6/9.5 6/24 6/6 6/6 6/9 

Refraction 
before surgery -2.00/-2.00x155 -4.00/-3.50x15 NA NA -5.25/-2.00x117 -3.75/-1.75x78 -0.50/-1.25x35 -0.5/-1.50x150 

Cataract (type) Yes (Posterior 
cortical) 

Yes (Posterior 
cortical) 

Yes (Posterior 
cortical) 

Yes (Posterior 
cortical) Yes (NA) Yes (NA) Yes (Posterior 

subcapsular) 
Yes (Nuclear 

sclerotic) 
Cataract surgery (date) No No No No 24/05/2002 No 3/10/2002 21/07/2008 

Ectopia lentis NA NA Nasal Nasal Yes Yes Yes Yes 
Microphakia NA NA Yes Yes No No No No 
Corectopia Nasal Nasal Nasal Nasal Inferotemporal Inferotemporal Inferotemporal Inferotemporal 

Ectropion uveae Yes Yes Yes (PPM) Yes (PPM) Yes Yes No No 

Iris hypoplasia Yes (hypertrophic 
collarette) 

Yes (hypertrophic 
collarette) Yes Yes No No Yes Yes 

Iris transillumination No No Yes Yes Yes Yes Yes Yes 
Iridodonesis Yes Yes Yes Yes Yes Yes No No 

Iridocorneal angle Normal Normal Normal Normal Adhesions* Adhesions* Adhesions* Adhesions* 
Foveal hypoplasia NA NA NA NA No No No No 

Optic nerve dysplasia Yes Yes NA NA No No No No 
Disc (cup:disc) 0.6 0.6 NA NA 0.3 0.4 0.4 0.4 

Intraocular pressure (mmHg) 18 18 12 12 30 26 17 17 
Descemet’s  membrane  split No No No No No No No No 

Corneal opacity No No No No No No No No 
Corneal oedema No No No No No No NA NA 

Retinal detachment (date) No No No No 14/10/2002 No No No 

Other ocular phenotype Right convergent squint, horizontal 
nystagmus (both eyes) - - - - - Anterior capsule 

pigmentation 

Facial dysmorphism NA Pinched nostrils (Parents do not 
share this feature ) No No 

Abbreviations are as follow: NA, not available; HWTW, cornea horizontal white-to-white diameter; PPM, persistent pupillary membrane.  *  Adhesions  to  Schwalbe’s  line. 
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Table 5.2 Differences between the ASD identified in this study and previously described forms of ASD 

 
Anterior segment 

structures 
Clinical phenotype ASD in this 

study 
X-linked 

megalocornea 
(MGC1) 

Primary  
congenital 

glaucoma (PCG) 

Axenfeld-Rieger 
syndrome (ARS) 

Aniridia 

Cornea HWTW  diameter  ≥  13  mm +/-     
Cornea Opacity      
Posterior embryotoxon      

Iris Iris hypoplasia      
Iris transillumination      
Synechiae +/- (anterior 

synechiae) 
    

Ectropion uveae      
Pupil Corectopia      

Polycoria      
Lens Ectopia lentis      

Cataract      
Angle Abnormal iridocorneal 

angle 
+/-     

Disc Cupped      
IOP Increased      
Fovea Foveal hypoplasia      
Systemic anomalies      
Genetic cause(s) CPAMD8 CHRDL1 CYP1B1, LTBP2, 

and MYOC 
FOXC1, PITX2, 

and PAX6 
PAX6 and 

FOXC1 
The presence of a phenotype is indicated by a filled box. The following abbreviations are used: HWTW, corneal horizontal white-to-white; 
IOP, intraocular pressure. 
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5.2.2 Identification of CPAMD8 mutations by WES and Sanger 
sequencing 

To identify the genetic cause(s) of the ASD in these families, whole-exome 

sequencing (WES) was performed (section 2.2.1.6) on DNA samples using an 

Agilent SureSelect V5 library preparation kit (Table 2.7) and HiSeq2000 sequencer 

(Illumina). The average exon sequencing depth for three probands was 40×, and 

90% of the targeted region was covered with a minimum read depth of 13. Reads 

were aligned to the hg19 human reference sequence using Novoalign  version 2.05 

and the ANNOVAR tool was used to call and annotate sequence variants. In 

addition, ExomeDepth (Plagnol et al. 2012) was used to identify any potential 

causative exonic copy number variations (CNVs). The alignment, assembly of the 

short reads, and WES variants calling were performed by Dr Vincent Plagnol from 

UCL Genetics Institute. The detailed WES protocol is described in section 2.2.1.6.  

 

A total of 25,363, 24,203, and 24,240 exonic variants were identified in probands 

from Family 1, 2 and 3, respectively (Figure 5.3A). The WES variant prioritisation 

strategy involved four filtering steps:  

Step 1: Due to the rarity of ASD incidence in the general population, ASD-

associated mutations were hypothesised to be rare. Therefore, variants with a minor 

allele  frequency  (MAF)  ≤0.005  in  the  1000  Genomes  database,  the  National  Heart,  

Lung, and Blood Institute (NHLBI) Exome Sequencing Project Exome Variant 

Server (EVS), the Exome Aggregation Consortium (ExAC) database and our 

internal University College London (UCL) exomes consortium database, (UCL-ex) 

comprising of 1980 exomes were selected. Nearly double the number of rare 

variants were identified in the WES data of the proband from consanguineous 

Family 1 (215 rare variants) compared to probands from non-consanguineous 

Families 2 (127 rare variants) and 3 (116 rare variants).  

 

Step 2: Rare variants  (MAF≤  0.005)  were  then  filtered based on their zygosity status 

(e.g. homozygous, hemizygous or heterozygous); proband 1 (206 heterozygous and 

9 homozygous variants), proband 2 (126 heterozygous and 1 hemizygous variant), 

and proband 3 (116 heterozygous variants).  

 

Step 3: The rare variant datasets were then cross-referenced with previously known 

ASD-associated genes (section 2.2.1.6.4; Appendix C). However, no rare variants 

were identified in genes previously associated with ASD. FOXC1, which mutations 
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are known to cause a wide range of ASD (see Table 1.3 in chapter 1) typically has a 

poor WES coverage due to its GC-rich sequence (section 4.2.5.4), thus, PCR 

amplification and Sanger sequencing were performed to cover the WES gaps using 

standard methodology as previously described (see section 4.2.4); however, no 

mutation in FOXC1 was identified.   

 

Due to the plausible X-linked inheritance in Family 2,  an additional step of X-linked 

variant analysis was performed (Figure 5.3B). Only one hemizygous rare variant 

was identified in the proband in the ARMCX4 gene, c.979A>G, p.(Lys327Glu). 

However, in silico bioinformatic analysis suggested non-pathogenicity of this variant 

(Table 5.3). Furthermore, ARMCX4 did not show any evidence of potential 

association with ASD. Since no likely X-linked disease-associated variants were 

identified in proband 2, this suggested an autosomal recessive or de novo 

inheritance mode of ASD in Families 1 and 2, and an autosomal recessive 

inheritance in Family 3. Thus, plausible candidate autosomal compound 

heterozygous and homozygous variants in each of the respective families were 

selected in step 3. This filtering step markedly reduced the potential rare variants in 

each proband; Family 1 (compound heterozygous variants in 3 genes and 9 

homozygous variants), Family 2 (compound heterozygous variants in 3 genes) and 

Family 3 (compound heterozygous variants in 1 gene) (Figure 5.3B). All of the rare 

variants that were retained after filtering step 3 are listed in Table 5.4.  

 

Step 4: Considering the shared ocular phenotype in all three families, variants in 

gene(s) shared by the probands in all three families were selected for further 

interrogation. This critical filtering step revealed variants in the candidate gene, 

CPAMD8 (complement 3 and pregnancy zone protein-like, a2-macroglobulin 

domain containing protein 8; MIM: 608841) in probands from Families 1 and 2. In 

Family 1, a unique homozygous missense variant, c.4351C>T, p.(Ser1451Pro) was 

identified, whereas potential compound heterozygous frameshift, c.2352_2353insC, 

p.(Arg785Glnfs*23) and splice site variants, c.4549-1G>A were found in the 

proband in Family 2 (Figure 5.3B). However, this stringent filtering step did not 

identify any variant in CPAMD8 in Family 3. The only compound heterozygous 

variants found were in CKAP2 but these were unlikely to be causative due to the 

lack of predicted pathogenicity by the bioinformatic tools (Table 5.4). This prompted 

re-examination of the rare heterozygous variants (MAF≤0.005)   that remained after 

filtering step 1 in proband 3. Interestingly, this revealed a unique heterozygous 

splice site variant in CPAMD8, c.4002+1G>A (Figure 5.3B). Examination of the 
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exome coverage of the CPAMD8 gene in his WES data revealed missing coverage 

of six CPAMD8 coding exons (exons 1, 2, 7, 16, 17 and 40). The missing exons 

were then analysed by PCR amplification (section 2.2.1.1.1) and Sanger 

sequencing (section 2.2.1.5) (primers and the cycling conditions used are listed in 

Appendix A). This led to the identification of a second CPAMD8 variant in the 

proband from Family 3, which is a unique heterozygous splice site variant in 

CPAMD8 intron 7, c.700+1G>C (Figure 5.3C). CNV analysis of the WES data using 

ExomeDepth (Plagnol et al. 2012) did not identify any potentially causative CNVs in 

any known X-linked or autosomal ASD-associated genes in all three families. 

 

Subsequently, segregation analyses of the ASD-associated variants were 

performed in the family members (where genomic DNA samples were available) by 

direct sequencing of the specific exons/introns carrying the variants (primers and 

the cycling conditions used are listed in Appendix A). In Family 1, PCR amplification 

and Sanger sequencing of CPAMD8 exon 32 confirmed that the proband (II:1) was 

homozygous for the missense variant, c.4351T>C, p.(Ser1451Pro), whereas both 

parents (I:1 and I:2) were heterozygous carriers for the variant (Figure 5.3C). In 

Family 2, Sanger sequencing of CPAMD8 exons 18 and 34 verified the 

heterozygous variants, c.2352_2353insC and c.4549-1G>A in the proband (II:1). 

Segregation analysis confirmed that his unaffected father (I:1) is heterozygous for 

the frameshift variant, c.2352_2353insC, and wild type for the splice site variant, 

c.4549-1G>A (Figure 5.3C). The maternal DNA sample was not available for testing, 

suggesting that the proband could either have inherited the splice site variant from 

his mother (I:2) or it represents a de novo event. In Family 3, Sanger sequencing of 

exons 7 and 29 verified the splice site variants, c.700+1G>T, and c.4002+1G>A in 

the proband (II:3) and his affected brother (II:2). Their father was deceased 

therefore the paternal DNA sample was not available for testing. However, 

segregation analyses using DNA samples of   the   proband’s   mother   (I:2)   and  

daughter (III:1) confirmed that the mother and daughter were both heterozygous for 

the splice site variant, c.700+1G>T and wild type for the other allele (Figure 5.3C). 

Thus, the CPAMD8 variants identified segregated with ASD in all three families.  
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Figure 5.3 Identification of CPAMD8 mutations in three autosomal recessive 
ASD families. (A) Pedigrees of ASD Families 1, 2 and 3 are shown. Flow chart 

showing the WES variant filtering strategies used in this study. Numbers in step 1-2 

denote the number of variants. Step 1 filtered variants with a MAF >0.005 in 6500 

NHLBI EVS, 1000 Genomes, the ExAC database, and our internal UCL-ex 

database. Variants were segregated based on zygosity status. Step 2 (*applied to 

proband from Family 2 only) analysed X-linked variants from the WES data. Step 3 

selected for potential autosomal compound heterozygous and homozygous variants. 

Step 4 detected rare autosomal compound heterozygous or homozygous variants in 

gene(s) shared by the 3 probands. This step revealed a homozygous variant, 
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c.4351T>C, p.(Ser1451Pro) in Family 1, and compound heterozygous variants, 

c.2352_2353insC, p.(Arg785Glnfs*23) and c.4549-1G>A in the CPAMD8 gene in 

Family 2. In Family 3, re-analysis of rare heterozygous variants (step 1) led to 

identification of a heterozygous splice site variant, c.4002+1G>A. (B) Direct 

sequence verification and segregation analysis of CPAMD8 variants. The control 

sequence electropherogram is shown above the patient electropherogram. Variants 

identified in the probands are indicated by red dashed box. In individual II:3 of 

Family 3, direct sequencing of CPAMD8 coding exons, which were not covered by 

WES revealed a heterozygous splice site variant, c.700+1G>T in intron 7. The 

numbering of the cDNA and amino acid residues is in accordance with human 

CPAMD8 transcript ENST00000443236. Abbreviations are as follow: MAF, minor 

allele frequency; NHLBI EVS, National Heart, Lung, and Blood Institute (NHLBI) 

Exome Sequencing Project Exome Variant Server (EVS); UCL-ex, University 

College London (UCL) Exomes Consortium; ExAC, Exome Aggregation 

Consortium; WES, whole exome sequencing; hemi., hemizygous; het., 

heterozygous; homo., homozygous; comp. het., compound heterozygous. 
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Table 5.3 X-linked variant identified in the proband from Family 2 

 

HUGO 
gene 

Het./H
omo./
Hemi. 

Nucleotide 
change 

Protein 
change 

Polyphen 2 
(human 
variation 
score 0-1) 

SIFT 
(tolerance 
index 0-1) 

Blosum6
2 (-4 to 

11) 

UCL-ex 
(individ

uals) 
1000 

Genomes 
NHLBI 

EVS total 
alleles 

ExAC total alleles 

Het. Homo. 

ARMCX4 Hemi. c.979A>G p.(K327E) POS (0.807) T (1.00) 1 0/1980 0 NA 1/3,000 0/3,000 

Abbreviations are as follow: UCL-ex, University College London (UCL) exomes consortium; NHLBI EVS, National Heart, Lung, and Blood Institute (NHLBI) 
Exome Sequencing Project Exome Variant Server (EVS); ExAC, Exome Aggregation Consortium; Hemi., hemizygous. In silico analysis of ARMCX4 variant 
identified is presented. Polyphen 2 appraises mutations quantitatively as benign, possibly damaging (POS) or probably damaging  based  on  the  model’s   false  
positive ratio. SIFT results are reported to be tolerant (T) if tolerance  index  is  ≥0.05  or  damaging  if  tolerance  index  is  <0.05.  Blosum62  substitution  matrix  score  
positive numbers indicate a substitution more likely to be tolerated evolutionarily and negative numbers suggest the opposite. The cDNA is numbered according 
to the Ensembl transcript ID ENST00000423738. 
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Table 5.4 Summary of WES variants remaining after filtering step 3 
 

Family 
(Individu

al) 
HUGO gene Het./Ho

mo. 
Nucleotide 

change 
Protein 
change 

Polyphen 2 
(human 

variation score 
0-1) 

SIFT 
(tolerance 
index 0-1) 

Blosum62 
(-4 to 11) 

UCL-ex 
(individu

als) 
1000 

Genomes 
NHLBI 

EVS total 
alleles 

ExAC total alleles 

Het. Homo. 

1 (II:1) 

POM121L2 
Het. c.829G>A p.(V277I) BNG (0.132) T (0.15) 3 0/1980 0 0/4,566 0/21,244 0/21,244 

Het. c.245A>G p.(K82R) BNG (0.078) T (0.42) 2 0/1980 0 0/4,566 0/21,096 0/21,096 

OTOG 
Het. c.2104C>T p.(H702Y) PRD (0.934) T (0.4) 2 0/1980 0 NA 1/14,602 0/14,602 

Het. c.8011G>A p.(V2671M) BNG (0.005) T (0.14) 1 0/1980 0 NA 1/15,334 0/15,334 

DNASE1L2 
Het. c.437T>C p.(L146P) BNG (0.002) T (0.23) -3 0/1980 0 0/11,348 0/43,290 0/43,290 

Het. c.442T>C p.(S148P) BNG (0.001) T (0.21) -1 0/1980 0 0/11,348 0/37,574 0/37,574 

GOLGB1 Homo. c.7906C>T p.(H2636Y) BNG (0.187) D (0.03) 2 0/1980 0 0/13,006 11/121,180 0/121,180 

GOLGB1 Homo. c.6244T>A p.(L2082I) POS (0.904) T (0.17) 2 0/1980 0 0/13,006 11/120,880 0/120,880 

IQCB1 Homo. c.1000A>C p.(K334Q) PRD (0.977) T (0.56) 1 0/1980 0 0/13,006 12/121,400 0/121,400 

CASC1 Homo. c.1936G>A p.(V646I) PRD (0.991) T (0.49) 3 0/1980 0.0009 11/12,994 24/120,408 0/120,408 

CASC1 Homo. c.1388C>A p.(P463Q) BNG (0.190) T (0.36) -1 0/1980 0 0/12,994 0/121,378 0/121,378 

ITPR2 Homo. c.2976G>T p.(M992I) BNG (0.006) T (0.36) 1 0/1980 0 0/11,954 0/120,370 0/120,370 

SLC15A4 Homo. c.775G>A p.(D259N) BNG (0.028) T (0.21) 1 0/1980 0 0/13,006 1/121,402 0/121,402 

FARSA Homo. c.1072G>A p.(E358K) BNG (0.426) D (0) 1 0/1980 0 0/13,006 0/121,306 0/121,306 

CPAMD8 Homo. c.4351T>C p.(S1451P) PRD (0.948) D (0.01) -1 0/1980 0 0/12,378 0/116,178 0/116,178 
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2 (II:1) 

EVX2 
Het. c.128C>A p.(S43*) NA NA NA 0/1980 0 0/13,006 0/121,190 0/121,190 

Het. c.127T>G: p.(S43A) BNG (0.001) T (0.61) 1 0/1980 0 0/13,006 0/121,190 0/121,190 

UTRN 
Het. c.925A>G p.(M309V) BNG (0.008) T (0.45) 1 0/1980 0 0/13,006 0/121,386 0/121,386 

Het. c.2921T>C p.(L974P) PRD (0.987) D (0) -3 0/1980 0 3/13,004 3/120,180 0/120,180 

CPAMD8 
Het. c.4549-

1G>A p.? NA NA NA 0/1980 0 1/12,356 1/120,688 0/120,688 

Het. c.2352_2353
insC 

p.(Arg785Glnf
s*23) NA NA NA 0/1980 0 21/11,520 47/115,670 0/115,670 

3 (II:3) CKAP2 
Het. c.91A>G p.(K31E) BNG (0.009) T (1) 1 0/1980 0 0/13,004 2/121,264 0/121,264 

Het. c.1748C>T p.(T583M) BNG (0.128) D (0.01) -1 0/1980 0 0/13,004 2/121,006 0/121,006 

 
Abbreviations are as follow: UCL-ex, University College London (UCL) exomes consortium; NHLBI EVS, National Heart, Lung, and Blood Institute (NHLBI) Exome 
Sequencing Project Exome Variant Server (EVS); ExAC, Exome Aggregation Consortium; Het., heterozygous; Homo., homozygous. In silico analysis of rare variants 
identified is presented. Polyphen 2 appraises mutations quantitatively as benign (BNG), possibly damaging (POS) or probably damaging (PRD) based on the  model’s  false  
positive  ratio.  SIFT  results  are  reported  to  be  tolerant  (T)  if  tolerance  index  is  ≥0.05  or  damaging  (D)  if  tolerance  index  is <0.05. Blosum62 substitution matrix score positive 
numbers indicate a substitution more likely to be tolerated evolutionarily and negative numbers suggest the opposite. Patient CPAMD8 mutations are shaded in grey. The 
cDNA is numbered according to the following Ensembl transcript ID, POM121L2 (ENST00000444565), OTOG (ENST00000399391), DNASE1L2 (ENST00000564065), 
GOLGB1 (ENST00000393667), IQCB1 (ENST00000310864), CASC1 (ENST00000354189), ITPR2 (ENST00000381340), SLC15A4 (ENST00000266771), FARSA 
(ENST00000588025), EVX2 (ENST00000308618), UTRN (ENST00000367545), CKAP2 (ENST00000258607), and CPAMD8 (ENST00000443236). 
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5.2.3 In silico analysis of CPAMD8 mutations 
The frequency of the CPAMD8 mutations in the general population (1000 Genomes 

database, the National Heart, Lung, and Blood Institute (NHLBI) Exome Sequencing 

Project Exome Variant Server (EVS), the Exome Aggregation Consortium (ExAC) 

database and our internal University College London (UCL) exomes consortium 

database, (UCL-ex) comprising of 1980 exomes) and the predicted pathogenicity 

are shown in Table 5.5.  

 

Missense variant c.4351T>C, p.(Ser1451Pro) identified in Family 1 is absent from 

1000 Genomes, NHLBI EVS, ExAC and our internal UCL-ex database, and is 

predicted to be probably damaging (Polyphen2), damaging (SIFT), and conserved 

across species (PhyloP) (Table 5.5). Both variants c.4549-1G>A and 

c.2352_2353insC identified in Family 2 are absent in the 1000 Genomes, and our 

internal UCL-ex database. In NHLBI EVS, c.4549-1G>A and c.2352_2353insC are 

present at a heterozygous frequency of 1/12,356 alleles and 21/11,520 alleles, 

respectively. In the ExAC database, they are present at a heterozygous frequency 

of 1/120,688 alleles for c.4549-1G>A and 47/115,670 alleles for c.2352_2353insC. 

No homozygotes for these variants are present in any of the databases, consistent 

with predicted allele frequencies for a rare recessive disease (Table 5.5). Both 

splice site variants identified in Family 3, c.700+1G>T and c.4002+1G>A are absent 

in 1000 Genomes, NHLBI EVS, ExAC and our internal UCL-ex database, 

supporting the potential pathogenicity of these variants (Table 5.5). 

 

The missense mutation c.4351T>C, p.(Ser1451Pro) is positioned within a highly 

conserved alpha-2-macroglobulin (A2M) complement component domain of the 

CPAMD8 protein (Figure 5.4A). Multiple sequence alignment of ten CPAMD8 

orthologues confirmed that the serine residue is evolutionarily conserved across 

different species (Figure 5.4B). To evaluate the physiological effects of the 

p.(Ser1451Pro) substitution on CPAMD8 protein structure, in silico protein modelling 

was performed. The PDB (protein data bank) 3-dimension (3D) protein structure of 

CPAMD8 was not available in any of the publicly accessible PDB databases, 

including RCSB PDB, PDBe, PDBj, and wwPDB, therefore an automated homology 

remodelling was performed for CPAMD8 using Swiss-Model (section 2.2.2.24). This 

identified C5 (complement 5), which shares only 34% sequence identity with 

CPAMD8 as a suitable template to build the CPAMD8 protein model. On PyMOL 
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(section 2.2.2.21), substitution of a serine to a proline amino residue at the position 

of p.1451 did not alter the predicted protein structure (Figrue 5.5). However, the 

effects of the substitution on the side chains, which may be important for CPAMD8 

interaction with other proteins are yet to be elucidated. In addition, the relatively low 

sequence identity between the model template, C5 and CPAMD8 suggests that a 

more suitable model  template is required to build a more accurate CPAMD8 3D 

structure. In addition, protein function through protein interactions, rather than 

structure, may be affected by this substitution. 

 

Splice site mutations c.4549-1G>A (Family 2), c.700+1G>T, and c.4002+1G>A 

(Family 3) alter the invariant AG dinucleotide at the splice acceptor site, and GT 

dinucleotide at the splice donor sites, respectively. These mutations are predicted to 

abolish the splice sites using BDGP splice site prediction program (section 2.2.2.2) 

(Figure 5.6).  
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Table 5.5 Summary of autosomal recessive ASD CPAMD8 mutations 

 

Family Exon/ 
intron 

Nucleotide 
change Protein change 

Polyphen 
2 (human 
variation 

score 0-1) 

SIFT 
(tolerance 
index 0-1) 

PhyloP 
UCL-ex 
(individ

uals) 
1000 

Genomes 
NHLBI 

EVS Total 
Alleles 

ExAC Total Alleles 

Het. Homo. 

1 Exon 32 c.4351T>C p. (Ser1451Pro) PRD 
(0.948) 

Damaging 
(0.01) 

Conserved 
(0.98) 0/1980 0 0/12,378 0/116,178 0/116,178 

2 
Exon 18 c.2352_2353insC p.(Arg785Glnfs*

23) NA NA NA 0/1980 0 21/11,520 47/115,670 0/115,670 

Intron 33 c.4549-1G>A p.? NA NA NA 0/1980 0 1/12,356 1/120,688 0/120,688 

3 
Intron 7 c.700+1G>T p.? NA NA NA 0/1980 0 0/12,140 0/120,212 0/120,212 

Intron 29 c.4002+1G>A p.? NA NA NA 0/1980 0 0/12,350 0/120,350 0/120,350 

 
Abbreviations are as follow:  UCL-ex, University College London (UCL) exomes consortium; NHLBI EVS, National Heart, Lung, and Blood Institute (NHLBI) Exome 
Sequencing Project Exome Variant Server (EVS); ExAC, Exome Aggregation Consortium; Het., heterozygote; Homo., homozygote. In silico analysis of rare CPAMD8 
variants identified is presented. Polyphen 2 appraises mutations quantitatively as benign, possibly damaging (POS) or probably  damaging  (PRD)  based  on  the  model’s  
false  positive  ratio.  SIFT  results  are  reported  to  be  tolerant  if  tolerance  index  is  ≥0.05  or intolerant if tolerance index is <0.05. PhyloP prediction: Conserved if score >0.95, 
otherwise non conserved. The cDNA is numbered according to Ensembl transcript ID ENST00000443236.  



 Chapter 5 
 

220 | P a g e  
 

 

 

 
Figure 5.4 Schematic of CPAMD8 gene and protein structure showing the 
position of patient mutations. (A) Schematic of the genomic and protein structure 

of CPAMD8-1a showing the positions of CPAMD8 mutations identified in this study. 

The homozygous missense mutation, p.(Ser1404Pro) identified in Family 1 is 

indicated by the orange box. Green boxes depict the compound heterozygous 

frameshift and splice site mutations, p.(Arg785Glnfs*) and c.4549-1G>A, identified 

in Family 2. The compound heterozygous splice site mutations, c.700+1G>T and 

c.4002+1G>A identified in Family 3 are shown (blue boxes). The annotation of the 

mutations is in accordance with CPAMD8-1a (Ensembl transcript ID: 

ENST00000443236). The   following   abbreviation   is   used:   A2M,   α2-macroglobulin. 

(B) Multiple sequence alignment of CPAMD8 orthologues using ClustalW shows 

that the serine residue mutated in Family 1, p.(Ser1451Pro) is evolutionarily 

conserved across species. 
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Figure 5.5 Modelling of CPAMD8 missense mutation. (Left) Image showing the 

full length CPAMD8 predicted protein structure based on a complement 5 (C5) 

protein template. (Middle and right) Images show the predicted structures of the 

A2M domain, harboring the substituted serine residue, p.(Ser1451Pro) (indicated by 

red arrow). The wild type protein structure (yellow) is overlaid with the mutant 

domain structure (purple or green). The serine to proline amino acid substitution at 

CPAMD8 amino acid residue 1451 is not predicted to alter the protein secondary 

structure. Models 2b39.1A and  2b39.2A indicate two C5 models used to build the 

predicted CPAMD8 3D structure.  
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Figure 5.6 Predicted splice site disruption caused by CPAMD8 splice site 
mutations. Splice site prediction was performed using BDGP. The predicted donor 

site in a wild type sequence (highlighted in yellow) is shown above the predicted 

donor site in the mutant sequence. (A) Image shows the predicted disruption of 

splice acceptor site by the c.4549-1G>A mutation identified in the proband from 

Family 2. (B) Both splice site mutations, c.700+1G>T and c.4002+1G>A identified in 

Family 3 are predicted to abolish splice donor sites. The mutated nucleotide is 

highlighted in red.  
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5.2.4 Splice site mutations disrupt pre-mRNA splicing in vivo or in 
vitro  

Using the BDGP splice site prediction program, all splice site mutations identified in 

Families 2 and 3 are predicted to abolish splice donor or acceptor sites. In order to 

investigate the effects of these splice site mutations on pre-mRNA splicing, two 

different approaches were employed. The affected siblings from Family 3 kindly 

donated fresh blood samples, which enabled an in vivo splice assay to be carried 

out. This involved reverse transcription (RT)-PCR using RNA extracted from the 

patient blood samples. However, a fresh blood sample was not available for the 

proband from Family 2. Therefore, an in vitro splice assay was performed using a 

minigene system, which mimicked the CPAMD8 genomic context in the patient.  

 

In Family 3, fresh blood samples were collected from the affected siblings (II:2 and 

II:3). Total RNA was extracted from the blood samples (section 2.2.1.8), followed by 

cDNA synthesis (section 2.2.1.11), and RT-PCR using a standard PCR protocol 

(section 2.2.1.1.1) (primer pairs CPAMD8 Ex4-10 and CPAMD8 Ex27-31 and the 

cycling conditions used are listed in Appendix A). PCR amplification using primer 

pair CPAMD8 Ex 27-31 amplified CPAMD8 exons 27 to 31, encompassing the 

c.4002+1G>A splice donor site mutation in intron 29. Interestingly, this amplification 

resulted in two amplicons in both affected siblings (Figure 5.7A). Direct sequencing 

of both transcripts revealed an abundant aberrantly spliced transcript of 

approximately 470 bp, corresponding to exon 29 skipping, and a low level of wild 

type transcript with correctly spliced exons 28-29-30 (Figure 5.7A). This finding 

therefore demonstrates that the splice site mutation, c.4002+1G>A identified in 

Family 3 rendered the splice donor site inefficient, with only a residual expression of 

normal spliced transcript. Using ExPaSy translate tool (section 2.2.2.10) to analyse 

the reading frame, deletion of CPAMD8 exon 29 in the aberrant transcript is 

predicted to result in an in-frame deletion of 25 amino acids, 

p.(Gly1310_Glu1334del) within the highly conserved A2M complement component 

domain (Figure 5.4A and Figure 5.7A).  

 

Amplification of CPAMD8 exons 4 to 10 using CPAMD8 Ex 4-10 primer pair which 

encompassed the splice donor mutation, c.700+1G>T in intron 7, revealed a single 

wild type transcript in the control sample and several additional aberrant transcripts 

as well as a wild type transcript in both affected siblings (Figure 5.7B). Direct 

sequencing of the largest transcript of approximately 600 bp revealed the presence 
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of a cryptic splice donor site located in intron 7 (c.700+142). Using ExPaSy translate 

tool (section 2.2.2.10) to analyse the reading frame, introduction of the cryptic splice 

donor site is predicted to result in a frameshift and premature termination 87 bp 

downstream of exon 7, resulting in a truncated product, p.(Gly234Valfs*30). In 

addition, two smaller transcripts, corresponding to skipping of exon 7 alone, and 

both exon 6 and 7, were detected in the affected siblings. These transcripts are 

predicted to produce frameshifts and truncated products, p.(Asp216Alafs*5), and 

p.(Leu210Alafs*5), respectively (Figure 5.7B). Thus, the findings from this in vivo 
splice assay verified that both splice donor site mutations, c.700+1G>T and 

c.4002+1G>A identified in Family 3 caused aberrant pre-mRNA splicing, further 

supporting the likely pathogenicity of these mutations (section 5.2.3).    
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Figure 5.7 In vivo CPAMD8 splice assay for variants identified in Family 3. (A) 
Agarose gel image showing the RT-PCR amplified products of CPAMD8 exon 27-31 

using whole blood-extracted RNA of control, and affected siblings (II:2 and II:3) from 

Family 3. Direct sequencing of the two transcripts in the affected siblings revealed a 

wild type product (blue arrow) and a smaller aberrant transcript (red arrow), 

corresponding to deletion of exon 29, which resulted in an in-frame deletion, 

p.(Gly1310_Glu1334del). Schematic representation of splicing events is shown, 

which are colour coded accordingly. The position of the splice site mutation is 

indicated by the red star, whereas the coding exons and introns depicted by grey 

bars and lines, respectively. The number of coding exon is labelled. (B) Agarose gel 

image shows RT-PCR products using CPAMD8 Ex4-10 primer pair in the control 

and affected siblings from Family 3. Splice site mutation, c.700+1G>T resulted in 

three aberrant transcripts in the affecteds (indicated by green, orange, and red 

arrows) and a wild type transcript (blue arrow). The large aberrant transcript (green 
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arrow) corresponds to the activation of a cryptic splice donor site in intron 7 

(c.700+142) (indicated by the asterisk), and is predicted to result in a premature 

truncated product, p.(Gly234Valfs*30). Two smaller transcripts (orange and red 

arrows) demonstrate two aberrant splicing events, corresponding to skipping of 

exon 7 alone, and exons 6 and 7 deletion, which resulted in frameshift mutations, 

p.(Asp216Alafs*5), and p.(Leu210Alafs*5), respectively. Schematic representation 

of splicing events is shown, which are colour coded accordingly. 

 
Given that a fresh blood sample of the proband from Family 2 was not available, an 

in vitro splice assay using a minigene system was used to test the effect of the 

splice site mutation identified, c.4549-1G>A on pre-mRNA splicing. This 

methodology is described in section 2.2.1.15. The empty EDB vector, wild type and 

mutant CPAMD8 minigenes (Figure 5.8A) were transiently transfected into HEK293 

cells (section 2.2.1.15.4). RNA was extracted from the transfected HEK293 cells 

(section 2.2.1.9), followed by cDNA synthesis (section 2.2.1.11), and RT-PCR using 

a standard PCR protocol (section 2.2.1.1.1). Primer pairs (EDB) encompassing the 

EDB exons were used to analyse the splicing event, whereas primer pair 

(Splicecon), which targets the EDB vector backbone were used as a control (section 

2.2.1.15.4; primers and cycling conditions used are listed in Appendix A).  

 

Interestingly, RT-PCR amplification using the EDB exon primer pair demonstrated 

differently spliced products produced by the wild type and mutant (c.4549-1G>A) 

constructs (Figure 5.8B). Direct sequencing of each amplified product revealed a 

correctly spliced product of approximately 600 bp (CPAMD8 exons 33-34-35 spliced 

to vector exons) produced by the wild type construct, whereas four aberrant 

transcripts were produced by the mutant construct (Figure 5.8B and Figure 5.8C). 

The most abundant product of approximately 550 bp produced by the mutant 

construct corresponds to the deletion of exon 34, which resulted in an in-frame 

deletion of 21 amino acids, p.(Ile1517_Gln1537del) (M2 in Figure 5.8B-C). Two 

additional aberrantly spliced products were also detected, which represent inclusion 

of the entire intron 33 (M1 in Figure 5.8B-C), and skipping of exons 33 and 34 (M3 

in Figure 5.8B-C). These are predicted to result in an in-frame insertion of 26 amino 

acids, p.(Ala1516_Ile1517ins26), and an in-frame deletion of 73 amino acids, 

p.(Asp1465_Gln1537del), respectively. In addition, a small transcript of 

approximately 200 bp was also produced by the mutant construct at a very low level. 

Direct sequencing of this transcript confirmed that this product represents the vector 
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exons alone, suggesting that introduction of the splice site mutation, c.4549-1G>A 

into the minigene reduced the native splicing efficiency. In summary, data from in 
vivo and in vitro splice assays demonstrated that all of the CPAMD8 splice site 

mutations identified in Families 2 and 3 (c.700+1G>T, c.4002+1G>A, and c.4549-

1G>A) caused aberrant pre-mRNA splicing, supporting the likely pathogenicity of 

these mutations. 
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Figure 5.8 In vitro splice assay using CPAMD8 minigene system for the mutation identified in Family 2. (A) Schematic representation of 

the minigenes used in in vitro splice assay. EDB and Splicecon primer binding sites are indicated by red and black arrows, respectively. 

Splicecon primer pair, which targets the vector backbone was used as a loading control. The position of the mutation c.4549-1G>A is indicated 
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by a red star. Wild type and mutant c.4549-1G>A fragments of CPAMD8 exons 33 to 35 with flanking intronic sequence were cloned into the 

EDB splice assay vector. (B) Agarose gel images show the RT-PCR amplification products using RNA extracted from HEK293 cells transfected 

with EDB vector, wild type or mutant minigenes. Schematic representation of the splicing events is shown; a correctly spliced transcript 

(CPAMD8 exon 33-34-35 spliced to the vector exons) was produced by the wild type construct, whereas four different aberrant transcripts were 

generated by the mutant construct, including the most efficiently spliced product of approximately 550 bp corresponds to the skipping of exon 

34 (M2),  inclusion of the entire intron 33 (M1) and deletion of both exons 33 and 34 (M3), and splice product corresponds to the vector exons 

alone (M4). (C) Sequence electropherograms show the spliced products produced by EDB vector, wild type and mutant minigenes and are 

labelled according to the agarose gel image. The  following  abbreviations  are  used:  EDB,  α-globin–fibronectin–extra domain B; M, mutant; NTC, 

no template control; WT, wild type. 
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5.2.5 Different CPAMD8 isoforms produced by alternative pre-mRNA 
splicing 

In order to speculate on the potential alternative splicing for CPAMD8, RNA-

sequencing (RNA-Seq) data from the Human BodyMap 2.0 project, human foetal 

and adult cornea endothelial cells (Chen et al. 2013), basal limbal crypts, superficial 

limbal crypts (Bath et al. 2013), retina (Farkas et al. 2013), and GenBank human 

mRNA database were used to investigate potential CPAMD8 isoforms. Due to the 

large size of the CPAMD8 gene (approximately 134 kb), different CPAMD8 isoforms 

present were likely to be differentially expressed in human tissues. Analysis of RNA-

Seq data suggested that at least two potential CPAMD8 isoforms exist, denoted 

here as CPAMD8-1a and -1b. These isoforms were identified in various human 

tissues including brain (Figure 5.9A), heart, kidney, lung, colon, thyroid, prostate, 

lymph node, breast, retina, and all aforementioned corneal tissues. In addition, a 

third short isoform CPAMD8-2 was identified in the GenBank human mRNA 

database in human placenta tissue (Strausberg et al. 2002) (Figure 5.9B). These 

findings therefore suggest that CPAMD8 is alternatively spliced into at least three 

potential isoforms, denoted here as CPAMD8-1a, -1b, and -2 (Figure 5.10).  

 

CPAMD8-1a consists of 42 coding exons, encoding 1,932 amino acids (aa) (Figure 

5.10). Consistent with the RNA-Seq data, a previous study detected the expression 

of isoform CPAMD8-1a in human brain, kidney, heart, liver, testis and small 

intestine (Li et al. 2004). Similar to CPAMD8-1a, the CPAMD8-1b isoform has 42 

coding exons but uses an alternative acceptor site in intron 41, which gives rise to a 

different terminal exon 42 (denoted here as exon 42b). CPAMD8-1b encodes  a 

1,863 aa protein. The translation of CPAMD8-1b isoform terminates 1,076 bp 

upstream of the last exon of CPAMD8-1a (Figure 5.10). CPAMD8-2 isoform 

consists of 14 coding exons, encoding 503 aa. Exon 12 of this isoform is 

alternatively spliced to exon 17b, which differs from exon 17a by use of an 

alternative acceptor site in intron 17. This isoform encodes the N-terminal signal 

peptide and an A2M domain of CPAMD8 (Figure 5.10), and is lacking all of the C-

terminal domains. Although this isoform was previously reported in human placenta 

tissue (Strausberg et al. 2002), it is absent in the RNA-Seq data of human tissues. 

 



 Chapter 5 
 

231 | P a g e  
 

 

 

 
Figure 5.9 Identification of three potential CPAMD8 isoforms. (A) RNA sequencing (RNA-Seq) data from brain tissue from the HumanBody 

Map 2.0 Project visualised using Integrative Genomics Viewer (IGV) program shows the presence of at least two potential CPAMD8 isoforms 

with a different terminal exon 42 (red arrows). Both isoforms consist of 42 coding exons (only exons 36 to 42 are shown). (Top panel) The grey 

peaks represent the read depth for each nucleotide. (Middle panel) The grey bars indicate the read generated by next generation sequencing, 

whereas the light blue lines depict the splicing junctions. (Lower panel) The blue bars indicate the coding exons, whereas the blue lines depict 

the introns. The arrowheads show the gene orientation. (B) Investigation of GenBank human mRNA shows that in addition to the two potential 

CPAMD8 isoforms consisting of 42 exons, a potential short CPAMD8 isoform consisting of 14 coding exons, with exon 12 alternatively spliced 

to exon 17 is present in the placenta tissue. 
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Figure 5.10 Schematic of genomic and protein structure of three potential CPAMD8 isoforms. Both CPAMD8-1a and CPAMD8-1b 

consist of 42 coding exons, with an alternative terminal exon 42, encoding 1,932 amino acids (aa) and 1,863 aa, respectively. Isoform 

CPAMD8-2 consists of 14 coding exons, with exon 12 alternatively spliced to exon 17. The protein (503 aa) encoded by CPAMD8-2 lacks C-
terminal domains.  
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5.2.6 Rodent-lineage specific CPAMD8 deletion 
CPAMD8 encodes complement 3 and pregnancy zone protein-like, alpha 2-

macroglobulin domain-containing 8, and is a member of the A2M/C3 (alpha-2-

macroglobulin/complement 3) protein family (Li et al. 2004). Other family members 

include A2M (alpha-2-macroglobulin) (Kan et al. 1985), PZP (pregnancy zone 

protein) (Studd et al. 1970), CD109 (Lin et al. 2002), and complement proteins C3 

(Fong et al. 1990), C4 (Moon et al. 1981), and C5 (Lundwall et al. 1985). 

 

Due to the identification of mutations in CPAMD8, a gene of unknown function, as 

the genetic cause of autosomal recessive ASD in this study, phylogenetic analysis 

of CPAMD8 was performed to provide better understanding of the evolution and 

conservation of CPAMD8 in different species and to investigate the feasibility of 

using animal models for CPAMD8 functional studies. Due to the potentially 

important roles played by CPAMD8 in the development of the anterior segment, it 

was hypothesised to be evolutionarily conserved in all mammalian species .  

 

By using a combination of Ensembl (section 2.2.2.8), UCSC (section 2.2.2.26) 

genome browsers and NCBI protein blast (section 2.2.2.17), the CPAMD8 

orthologues were identified and their sequence identities with human CPAMD8 were 

investigated. CPAMD8 is highly conserved in different species from human to 

jawless fish, with protein sequence identity ranging from 62-93% (Figure 5.11). 

Interestingly, this investigation also led to an intriguing finding suggesting the loss of 

Cpamd8 in the rodent lineage.  

 

It was proposed that the A2M/C3 family of genes are the result of duplication from a 

common ancestral gene, which is supported by their clustered distribution in 

different species (Samonte et al. 2002). A2M and PZP are located adjacent to each 

other on the same chromosome, whereas CPAMD8 and C3 are clustered on the 

same chromosome with CPAMD8, flanked by HAUS8 and SIN3B in different 

species (Figure 5.12). Intriguingly, investigation of the syntenic region in mouse and 

rat genomes suggests the rodent-specific deletion of Cpamd8 (Figure 5.12).  

 

No potential CPAMD8 orthologues were identified in mouse. Instead, a different 

clustered family member, called murinoglobulins, Mug1 and Mug2, which are absent 

in human, were found to be clustered with A2m and Pzp on chromosome 6 in the 

mouse genome (Figure 5.12). Mug1 and Mug2 are highly homologous, sharing 
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approximately 90% sequence identity with each other. Interestingly, pair-wise 

protein sequence identity analysis of mouse Mug1 and Mug2 to human A2M/C3 

family members demonstrated that they are more similar to A2M (59%) and PZP 

(57%) than to the other members of this family of proteins, CD109 (33%), C4 (27%), 

C3 (25%), and C5 (23%). The clustered location of Mug1/2, A2m and Pzp on the 

same chromosome and their high sequence identities therefore suggests that the 

murinoglobulins are products of tandem duplication of the A2m/Pzp during evolution. 

Furthermore, mouse Mug1 and Mug2 share less than 33% sequence identity with 

human CPAMD8, suggesting that they are not CPAMD8 orthologues, but likely 

represent paralogues in the same protein family. 

 

In rat, two potential coding genes on chr4q42 were differentially annotated as 

Cpamd8 in the Ensembl and UCSC rat genomes (Figure 5.13); In the Ensembl 

genome browser, the presumed  rat  “Cpamd8”  is positioned between A2m and Mug1, 

whereas the suggested “Cpamd8”   is   flanked  by  Mug1 and Klrg1 in the UCSC rat 

genome (Figure 5.13). This prompted a thorough pair-wise protein sequence 

alignment analysis of the   presumed   rat   “Cpamd8”   with   other   A2M/C3 family 

members using NCBI protein blast. Interestingly, this comparison revealed high 

homology between these two   different   rat   “Cpamd8”   annotations by UCSC and 

Ensembl, which share a sequence identity of 90% (Table 5.6). More importantly, 

they share high sequence identities with rat Mug1 (90-93%) and Mug 2 (89-90%), 

but low sequence identity with human CPAMD8 (33-34%), demonstrating that the 

presumed  rat  “Cpamd8”  annotations  in  the  Ensembl  and  UCSC  rat  genomes  are  in  

fact close derivatives of Mug1/2 and not CPAMD8 orthologues (Table 5.6). 

 

Thus, the findings from phylogenetic analysis support the lineage-specific deletion 

of CPAMD8 and the exclusive introduction of murinoglobulins in rodents. 
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Figure 5.11 Schematic representation of CPAMD8 orthologues showing highly 
conserved functional motifs from human to lamprey. All CPAMD8 orthologues 

contain the hallmark motifs of the A2M/C3 family including an N-terminal signal 

peptide, bait region with cleavage site, alpla-2-macroglobulin specificity-determining 

domains, and a thioester site. CPAMD8 also has a conserved RRRR processing 

site that is found in complement proteins, and a unique C-terminal domain, which in 

CPAMD8 is a Kazal-like domain. The pair-wise full-length protein sequence 

identities between human and other species are indicated, ranging from 62-93% 

sequence identity. Dotted lines indicate incomplete sequences. 
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Figure 5.12 Synteny of CPAMD8, A2M, PZP, and murinoglobulins in different 
species. (A) Schematic showing CPAMD8 flanked by HAUS8 and SIN3B in 

different species. The deletion of CPAMD8 from the syntenic region in mouse and 

rat genomes is indicated by X. (B) A2M and PZP are clustered on the same 

chromosome in different species, with the introduction of murinoglobulins Mug1 and 

Mug2 in rodents. Mug1 and Mug2 are adjacent to A2m and Pzp, suggesting that 

they are a result of tandem duplication. Gene orientation is indicated by the arrow 

and the chromosome number is shown. The distance of the genes depicted is not to 

scale. 
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Figure 5.13 Inconsistent Cpamd8 annotation in the Ensembl and UCSC rat 
genomes. Image depicting annotated genes on chr4q42 in rat. A gene annotated 

as Cpamd8 is positioned between A2m and Mug1 in Ensembl rat genome (top 

panel), whereas Cpamd8 is flanked by Mug1 and Klrg1 in UCSC rat genome 

(bottom panel). 

 
 
Table 5.6 Pair-wise protein sequence alignment analysis between rat 
“Cpamd8”  and  other  family  proteins 

 UCSC rat “Cpamd8” Ensembl rat “Cpamd8” 
Rat Mug1 90% 93% 

Rat Mug2 89% 90% 

Rat A2m 57% 58% 

Human CPAMD8 33% 34% 

UCSC rat “Cpamd8”  90% 

Ensembl rat “Cpamd8” 90%  
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5.2.7 Expression of CPAMD8 in developing human embryonic and 
foetal eye  

The identification of CPAMD8 mutations in three autosomal recessive ASD families 

suggests a potential role for CPAMD8 during anterior segment development as 

implicated by the patient phenotypes. However, phylogenetic analysis revealed 

rodent lineage-specific CPAMD8 deletion, precluding a developmental expression 

study in mouse. Therefore, the spatiotemporal expression pattern of CPAMD8 was 

investigated in developing human embryonic and foetal eye tissues by reverse 

transcription (RT)-PCR (section 2.2.1.10) and in situ hybridisation (ISH) (section 

2.2.1.16). These experiments were performed in collaboration with the research 

team led by Professor Jane Sowden from UCL Great Ormond Street Institute of 

Child Health, London, United Kingdom. 

 

The CPAMD8 mutations identified are positioned across the entire CPAMD8 gene, 

and mutations in the C-terminal exons are predicted to affect isoforms CPAMD8-1a 

and -1b only. This suggests that these isoforms are important in the pathogenesis of 

ASD (Figure 5.4A), therefore, this study focused on  expression of CPAMD8-1a and 

-1b isoforms.  

 

RNA extraction from human foetal lens, iris, retina, and cornea, and RT-PCR are 

described in section 2.2.1.10. The primer pairs used for the RT-PCR are illustrated 

in Figure 5.14 and are listed in Appendix A. Two isoform-specific primer pairs were 

used; primer pair CPAMD8 Ex42a is CPAMD8-1a-specific, whereas primer pair 

CPAMD8 Ex42b is CPAMD8-1b-specific. RT-PCR using both primer pairs 

demonstrated a similar CPAMD8 expression pattern in the developing human foetal 

eye tissues. The expression of both isoforms CPAMD8-1a and -1b was detected in 

the developing human lens and retina as early as week 9 of gestation, which 

continued into week 22 of gestation (Figure 5.15). Interestingly, the expression of 

CPAMD8 showed differential temporal expression pattern in the lens and retina; 

CPAMD8 expression increased from early (week 9 of gestation) to later 

developmental stages (week 22 of gestation) in the lens, whereas in the retina, the 

level of CPAMD8 expression gradually decreased from week 9 to week 22 of 

gestation. Both isoforms CPAMD8-1a and -1b were also expressed in the iris and 

cornea at week 22 of gestation. PAX6 and GAPDH were included as controls.  
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Figure 5.14 Position of the RT-PCR primers and riboprobes for in situ 
hybridisation. Amplified products using RT-PCR CPAMD8-1a-specific (1), and 

CPAMD8-1b-specific (2) primer pairs are indicated by green bars (not to scale). The 

riboprobes used for in situ hybridisation are depicted by blue bars (not to scale), 

with probe A targeting the  3’  untranslated  region  (3’UTR)  of CPAMD8, and probe B 

binding to CPAMD8 exons 4 to10. 

 
 

 
 
Figure 5.15 Expression of CPAMD8 in human foetal eye tissues by RT-PCR. 
Images showing RT-PCR results of human foetal eye tissues using isoform-specific 

primer pairs. Both isoforms CPAMD8-1a and CPAMD8-1b showed similar 

expression patterns, with expression detected in the developing human lens, retina, 

iris and cornea. Differential temporal expression was detected in lens and retina, in 

which CPAMD8 expression increased from early (week 9 of gestation) to later 

developmental stages (week 22 of gestation), whereas in retina CPAMD8 
expression gradually declined from early (week 9 of gestation) to the second 

trimester (week 22 of gestation). PAX6 and GAPDH were used as controls. The size 

of each amplified product is shown. 
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To further investigate the spatiotemporal expression pattern of CPAMD8, ISH was 

performed in the developing human embryonic eye (section 2.2.1.16). Consistent 

with RT-PCR findings, ISH results showed robust CPAMD8 expression in the neural 

retina as early as at Carnegie stage (CS) 18 (day 44). CPAMD8 was also expressed 

in the lens at this stage, albeit rather weakly (Figure 5.16A-B). A similar expression 

pattern persisted at CS 19 (day 47-48) with strong expression in neural retina and 

weak expression in lens (Figure 5.16D-G). Intriguingly, at CS23 (day 56-57) as the 

neural retina structures became more defined, expression of CPAMD8 was 

restricted in the distal tips of the retinal neuroepithelium, which contribute to the 

formation of iris and ciliary body by week 8 of gestation (Figure 5.16H-I). No 

significant expression was detected in the periocular mesenchyme and developing 

cornea at CS23 (Figure 5.16H-I), whereas high expression of CPAMD8 was 

detected in foetal lens, cornea and iris at week 22 of gestation using RT-PCR 

(Figure 5.15). Weak CPAMD8 expression was detected in the mesenchyme anterior 

to the lens, corresponding to the pupillary membrane (Figure 5.16H-I).  
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Figure 5.16 CPAMD8 is expressed in the developing human embryonic eye. 
(A) Head hemisphere head-sagittal section image showing robust CPAMD8 staining 

in the developing eye globe at CS18 using antisense probe A. (B) ISH image shows 

strong expression of CPAMD8 in the neural retina and weak expression in the lens 

vesicle (C) No signal was detected using sense probe A at CS18 (D-G) ISH of 

CPAMD8 at CS19 (head-sagittal sections). Strong CPAMD8 expression in the 

neural retina and weak expression in the lens persisted at CS19 using antisense 

and sense probe A (D-E), and antisense and sense probe B (F-G) (H-I) At CS23, 

strong CPAMD8 expression was detected in the distal tips of the retinal 

neuroepithelium (red boxes). Weak expression of CPAMD8 was detected in the 

periocular mesenchyme anterior to the lens (arrowheads), corresponding to the PM 

(face-sagittal sections) at this stage. The following abbreviations are used: AS, 

antisense probe; L, lens, NR, neural retina; PM, pupillary membrane; RPE, retinal 

pigmented epithelium; S, sense probe. 
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5.3 DISCUSSION 
5.3.1 Identification of recessive mutations in CPAMD8 as the cause of 

autosomal recessive ASD 
In this study, whole exome sequencing (WES) and Sanger sequencing identified 

mutations in CPAMD8 (complement 3 and pregnancy zone protein-like, alpha 2-

macroglobulin domain-containing 8; MIM: 608841) as the genetic cause of a new 

form of autosomal recessive anterior segment dysgenesis (ASD) in four affected 

individuals from three unrelated families. Thorough clinical examination suggests 

that their condition represents a new form of ASD, which did not fit with any of the 

previously described forms of ASD. The affected individuals share similar ocular 

phenotypes, characterised by predominant iris and lens anomalies with iris 

hypoplasia, iris transillumination defects, corectopia, ectropion uveae, ectopia lentis 

with iridodonesis, and mild cataract. Retinal anomalies or extraocular phenotype are 

absent.  

 

In consanguineous Family 1, a homozygous missense mutation in CPAMD8, 

c.4351T>C, p.(Ser1451Pro) was identified in the proband. Compound heterozygous 

frameshift and splice site mutations were found in Family 2, c.2352_2353insC, 

p.(Arg785Glnfs*23), and c.4549-1G>A. In two affected siblings from Family 3, 

compound heterozygous splice donor site mutations, c.700+1G>T and 

c.4002+1G>A were identified..  All CPAMD8 mutations identified in this study are 

absent or present at very low frequency in the control population and no 

homozygote is present, consistent with the allele frequency for a recessive condition. 

The missense mutation, p.(Ser1451Pro) is predicted to be pathogenic and the 

mutated residue is within a highly conserved alpha-2 macroglobulin (A2M) domain, 

which is evolutionarily conserved across different species. In vivo or in vitro splice 

assays demonstrated that all splice site mutations identified in this study (c.4549-

1G>A, c.700+1G>T and c.4002+1G>A) caused aberrant pre-mRNA splicing, 

supporting the likely pathogenicity of the mutations.  
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5.3.2 CPAMD8, a member of A2M/C3 family 
CPAMD8 encodes complement 3 and pregnancy zone protein-like, alpha 2-

macroglobulin domain-containing 8, which is a member of the A2M/C3 (alpha-2-

macroglobulin/ complement 3) protein family. However, the function of CPAMD8 is 

unknown. 

 

The A2M/C3 proteins are involved in the innate and acquired immune system (Li et 
al. 2004). In addition to CPAMD8, there are seven other A2M/C3 family members, 

which include A2M (alpha-2-macroglobulin) (Kan et al. 1985), PZP (pregnancy zone 

protein) (Studd et al. 1970), complement proteins C3 (Fong et al. 1990), C4A and 

C4B (Moon et al. 1981), C5 (Lundwall et al. 1985), and CD109 (Lin et al. 2002). All 

of these proteins are soluble, except CD109, which has been described as a 

membrane-bound glycosylphosphatidylinositol (GPI)-anchored protein (Lin et al. 
2002). CPAMD8 has also been shown to be membrane-associated in a subcellular 

fractionation experiment in a previous study (Li et al. 2004). However, CPAMD8 

encodes a signal peptide, and proteolytic cleavage of CPAMD8 into two chains of 

approximately 70 and 130 kDa has been demonstrated (Li et al. 2004), suggesting 

that it may also be secreted into the extracellular environment. Future studies will be 

required to elucidate the membrane-bound or secreted nature of CPAMD8.  

 

The A2M/C3 family members have been shown to play different roles in innate and 

adaptive immunity. A2M acts as a pan-endoprotease inhibitor, which targets a broad 

range of protease substrates. A unique protease trapping mechanism has been 

described for A2M. A2M has a bait region, which is proteolytically cleaved upon 

binding of protease to A2M. This triggers a conformational change in A2M and 

hydrolysis of the thioester (TE) site in A2M, followed by covalent trapping of 

protease. The complex is then removed by the LDL (low density lipoprotein) 

receptor family (Sottrup-Jensen et al. 1986; Van Leuven et al. 1986; Crookston et al. 
1994; Gonias et al. 1994). The association of A2M with Alzheimer disease has been 

described  (Tanzi et al. 1998; Flachsbart et al. 2010). 

 

PZP is present at high levels in the sera of women in their late-pregnancy, whereas 

in non-pregnant individuals, only trace amount of PZP is found (Studd et al. 1970). 

PZP shares a high homology with A2M, with protein sequence identity of 73%. Their 

clustered chromosomal location suggests that they may be the product of tandem 

duplication (Figure 5.12B). PZP is a soluble protease inhibitor, which encodes 

similar functional motifs as A2M, suggesting that PZP may act through a similar 
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protease entrapping mechanism (Figure 5.17). However, a previous study 

suggested otherwise. Despite striking similarity in their structures, PZP adopts a 

different protease inhibitory mechanism, in which conformational changes in A2M is 

triggered by TE binding, whereas cleavage of the bait region drives the 

conformational changes in PZP (Jensen and Stigbrand 1992). Complement proteins 

C3, C4 and C5 are components of the complement system, which play important 

roles in the host innate immune system to combat foreign pathogens. The ability of 

the complement system to activate the adaptive immune response has also been 

described (Dunkelberger and Song 2010). CD109 has also been reported to take 

part in the immune system. It is expressed as a surface antigen in hematopoietic 

stem and progenitor cells, activated T cells and platelets. CD109 is ubiquitously 

expressed in various tissues (Lin et al. 2002). A similar binding mechanism as other 

members of the A2M/C3 family has been suggested for CD109. The proteolytic 

cleavage of CD109 triggers the activation of its TE site, which enables the covalent 

binding of the target molecules (Lin et al. 2002). In addition, previous studies have 

demonstrated that CD109 is able to negatively modulate TGF-β1   in   human  

keratocytes (Finnson et al. 2006).  

 

All A2M/C3 family proteins share highly similar functional motifs including an N-

terminal signal peptide, bait region or furin cleavage motif, and A2M-specific 

domains (Figure 5.17). A TE binding site is positioned after the cleavage site in all 

members, except for CD109, where the TE site is found before the cleavage region, 

whereas in C5, a TE site is absent. Similar to other A2M/C3 members, CPAMD8 

has an N-terminal signal peptide, an RRRR furin cleavage motif similar to the 

complement proteins, A2M-specific domains, and a TE site, which is located after 

the cleavage site. In addition, similar to the complement proteins, CPAMD8 has a 

unique C-terminal domain, which is a Kazal-like domain in CPAMD8, and a netrin 

(NTR) domain in the complement proteins (Figure 5.17). NTR domain has been 

implicated in inhibition of metalloproteinases (Bányai and Patthy 1999), whereas 

Kazal-like domain plays a role in serine proteinase inhibition (Greene and Bartelt 

1969). Interestingly, a Kazal-like domain has also been found in follistatin proteins 

such as FSTL3 (follistatin-related protein 3), which acts as a TGF-β   family  

antagonist and negatively regulates the BMP signalling pathway (Tsuchida et al. 
2000; Sidis et al. 2006). Notably, a similar BMP antagonist function has been 

described for ventroptin, a protein encoded by CHRDL1 (chordin-like 1). Mutations 

in CHRDL1 are associated with X-linked megalocornea (see chapter 3) (Webb et al. 
2012). The possible connection with negative regulation of BMP signalling, similar to 
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CHRDL1, is intriguing, especially in light of the megalocornea phenotype in Family 3. 

However, future studies will be required to investigate the functions of Kazal-like 

domain in CPAMD8. 

 

 

 
 
Figure 5.17 Schematic representation of conserved motifs in A2M/C3 family 
members. All A2M/C3 family proteins consist of an N-terminal signal peptide, 

cleavage region (bait region or furin cleavage motif), and A2M-specific domains. A 

thioester (TE) site is present after the cleavage site in all members, except in 

CD109, a furin cleavage motif is located after the TE site, whereas C5 is lacking a 

TE binding site. All complement proteins (C3, C4, and C5) and CPAMD8 have a 

unique C-terminal domain, a Kazal-like domain in CPAMD8, and a netrin domain in 

complement proteins. Mug1 and Mug2 are highly homologous to A2M and PZP.  
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5.3.3 Rodent-lineage specific CPAMD8 deletion and exclusive 
introduction of murinoglobulins 

Evolutionary studies on A2M/C3 family proteins suggest that this protein family 

emerges early in evolution due to the presence of the family proteins in jawless fish. 

The distribution of the A2M/C3 family of genes appears clustered in different 

species. A2M and PZP are positioned adjacent to each other in different species 

(Figure 5.12B), whereas C3 and CPAMD8 are located on the same chromosome, 

for example in human they are clustered on chr19p13.1-13.3. In addition, C4 and 

CD109 are also found on the same chromosome, on chr6p21.3 and chr6q13, 

respectively. This led to the postulation that the A2M/C3 family of genes are the 

result of duplication from a common ancestral gene, followed by random distribution 

of the family genes to different chromosomes (Samonte et al. 2002). However, 

another theory suggests polypoidisation of chromosomal segments, chromosomes 

or possibly whole genome that gives rise to this family of genes (Samonte et al. 
2002). Notably, comparative genomic studies proposed the occurrence of three 

rounds of genome duplications followed by a large amount of gene loss during 

vertebrate evolution. This phenomenon of differential propensity for gene loss in 

different lineages is believed to be an evolutionary force, which provides genetic 

variations that give rise to differential phenotypic or adaptive diversity (Albalat and 

Cañestro 2016).  

 

Interestingly, the phylogenetic analysis in this study demonstrated the loss of 

CPAMD8 in the rodent lineage in spite of the high conservation of CPAMD8 in 

different species from human to jawless fish. Instead, rodents have a different 

clustered family member, murinoglobulins, including Mug1 and Mug2, which are 

absent in human and other vertebrates (Figure 5.12B). Thus, the presence of 

different copy numbers of the A2M/C3 family of genes in different lineages likely 

exemplifies the varying trends for gene loss in different lineages; duplicated A2M in 

zebrafish and rat but one copy in human;  one copy of CPAMD8 in human and other 

vertebrates but it is deleted in rodent lineage. Given the clustered distribution and 

differential copy numbers of A2M/C3 family members in different species (Figure 

5.12), these findings therefore suggest that the A2M/C3 family likely arose by 

tandem duplication and whole genome duplication. Considering the association of 

the A2M/C3 family with innate and adaptive immunity, divergence of A2M/C3 family 

proteins in different species have occurred to provide distinctive defence 

mechanisms.  
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The rodent lineage-specific loss of CPAMD8 and the exclusive introduction of 

murinoglobulins may reflect a more complicated gene dispensability mechanism, 

such as genetic buffering or functional divergence (existence of alternative 

pathways). All A2M/C3 family members share similar functional motifs, therefore it is 

likely that redundant or backup gene(s) are present within the family and provide 

functional complementation, which discounts the need for CPAMD8 in rodents 

(Figure 5.17). It is also possible that in rodents, an alternative pathway may be 

present to re-route the task in the absence of CPAMD8, rendering the CPAMD8 

gene redundant. However, future study will be required to fully elucidate the lineage-

specific redundancy. It will be intriguing to determine which family member 

compensates for the lack of CPAMD8 in eye development. 

 

5.3.4 CPAMD8 in the anterior segment  
Although a previous study suggests that CPAMD8 may play a role in innate 

immunity due to the upregulation of CPAMD8 in cells upon cytokine stimulation (Li 

et al. 2004), the function of CPAMD8 is still unknown and it has not been associated 

with any inherited disease. However, the findings from several previous studies 

have shed some light on the possible involvement of CPAMD8 in the development 

of the anterior segment (Sousounis et al. 2013, 2014; Janssen et al. 2014).  

 

A study comparing the transcriptomes of choroid plexus epithelium (CPE) in human 

brain and the non-pigmented epithelium (NPE) of the ciliary body in the eye 

demonstrated the upregulation of CPAMD8 in the NPE (Janssen et al. 2014). NPE 

produces aqueous humour (AH), which provides nutrients to the anterior segment. 

The regulation of the flow of AH is crucial in determining the intraocular pressure 

(IOP), which when disturbed may lead to an increase in IOP, thereby posing an 

increased risk of developing glaucoma (Gould et al. 2004). This finding therefore 

suggests an as yet undefined role for CPAMD8 in the anterior segment of the eye. 

Other genes which are associated with conditions affecting the anterior segment 

such as RAX (retina and anterior neural fold homeobox gene; MIM: 601881) was 

also found to be upregulated in NPE compared to CPE. RAX is a key player in early 

eye development (Graw 2010; Graw 2003) and mutations in RAX have been 

associated with autosomal recessive microphthalmia or anophthalmia (MIM: 

611038) (see section 1.1.3).   
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More evidence supporting the importance of CPAMD8 in the development of the 

anterior segment stems from expression studies in amphibians. The degree of 

tissue regeneration in these animals varies in different tissues or different time 

points in life (Sousounis et al. 2014). For example, newts are capable of 

regenerating lens via trans-differentiation from the dorsal iris pigment epithelial cells 

but the ventral iris is incapable of regeneration, whereas in axolotls the lens can be 

regenerated from both dorsal or ventral iris but is only possible in young axolotls 

within the first 28 days after hatching and the ability disappears beyond that critical 

time point (Sousounis et al. 2014). Using RNA-Seq to investigate genes that are 

differentially expressed during lens regeneration in newts, CPAMD8 was found to 

be upregulated in the regeneration incompetent ventral iris compared to the 

regeneration competent dorsal iris (Sousounis et al. 2013). Consistent with this 

finding, CPAMD8 was found to be upregulated in the regeneration-incompetent iris 

in aged axolotls using microarray analysis (Sousounis et al. 2014). Intriguingly, in 

addition to CPAMD8, CHRDL1 was among the 20 genes, which were consistently 

upregulated in regeneration-incompetent iris in both experiments using newts and 

axolotls (Sousounis et al. 2013, 2014). This is particularly intriguing as mutations in 

CHRDL1 are associated with X-linked megalocornea (MGC1) and adult-onset 

features including iris and lens defects (see chapter 3 and Webb et al. 2012). All of 

these previous findings therefore support an as yet undefined role for CPAMD8 in 

the development of the anterior segment, which when mutated, leads to ASD.   

 

However, the rodent lineage-specific CPAMD8 deletion precluded a developmental 

expression study in mouse or rat. Therefore, the spatiotemporal expression study of 

CPAMD8 was performed in the developing human embryonic and foetal eye. Both 

expression studies by reverse transcription (RT)-PCR and in situ hybridisation (ISH) 

demonstrated consistent results with robust CPAMD8 expression in the neural 

retina and weak expression in the lens early in development (Figure 5.15 and Figure 

5.16). Interestingly, CPAMD8 expression in the neural retina then became restricted 

to the distal tips of the neural retina at later stages, which contribute to the formation 

of the iris and ciliary body by 8th week of gestation (Figure 5.16H-I). No significant 

signal was detected by ISH in the periocular mesenchyme, and developing 

embryonic cornea by CS23 (day 56-57), although expression in foetal cornea was 

detected by RT-PCR at later stage (week 22 of gestation) (Figure 5.15 and Figure 

5.16). This finding possibly explains the absence of a cornea phenotype in our ASD 

cohort and the presence of anterior chamber angle anomalies in one of the families. 

The anterior chamber angle is formed at a later stage when the cornea endothelium 
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meets with the iris epithelium (see section 1.1.2.5). Although the affected siblings in 

ASD Family 3 displayed enlarged corneal diameters, it was most likely to be 

secondary to the increased pressures in the anterior chamber, instead of the result 

of a primary developmental defect. This is consistent with the absence of CPAMD8 

expression in early developing embryonic cornea. In addition, a low level of 

expression was detected in the periocular mesenchyme anterior to the lens, 

corresponding to the pupillary membrane (Figure 5.16H-I). However, the expression 

was weak at this stage, therefore ISH using later stage foetal eyes will be required 

to verify the expression pattern and to observe any upregulation during 

development. Overall, the expression pattern of CPAMD8 in the developing human 

anterior segment correlates with the affected tissues and ocular phenotypes, 

characterised by predominant iris and lens anomalies with the appearance of 

persistent pupillary membrane in one affected individual and absence of a corneal 

phenotype in all individuals. This finding suggests that impaired CPAMD8 function 

disrupts the normal development of the lens and iris structures, and possibly 

disturbs the formation of the anterior chamber angles. Signaling from the lens during 

development has been shown to have an important role in forming the structures of 

the anterior segment (Harrington et al. 1991; Beebe and Coats 2000), suggesting 

that perturbed CPAMD8 function in the developing lens could be another 

contributory factor to maldevelopment of the iris in these individuals.  

  

5.3.5 Potential role of CPAMD8 in modulating the communication 
between the optic cup and periocular mesenchyme 

Typically, genes involved in iris development are divided into periocular 

mesenchyme genes and optic cup (OC) periphery genes (Davis-Silberman and 

Ashery-Padan 2008). Impaired function of these genes causes different types of 

ASD. The most well-studied ASD genes are FOXC1 (periocular mesenchyme gene) 

and PAX6 (OC periphery gene), which are known to cause Axenfeld Rieger 

syndrome (ARS) and aniridia, respectively. The expression patterns of FOXC1 and 

PAX6 in the developing anterior segment are mutually exclusive, in which PAX6 is 

robustly expressed in the developing optic cup and lens but absent from the 

periocular mesenchyme, whereas expression of FOXC1 (and PITX2) is only present 

in the periocular mesenchyme (Sowden 2007; Davis-Silberman and Ashery-Padan 

2008) (Figure 5.18). In early embryonic stages (up until CS23), the spatiotemporal 

pattern of CPAMD8 expression in the developing human eye shares more similarity 

to PAX6 expression with robust expression in the neural retina and lens and absent 
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in the periocular mesenchyme (Figure 5.18). However, due to the limited availability 

of human foetal eye, ISH in this study was only performed using early embryonic 

eyes (day 44-57). Therefore, future study should include later embryonic and foetal 

stages to provide better understanding of the expression pattern of CPAMD8 

throughout the development of human eye.  

 

In addition, although CPAMD8 is strongly expressed in the neural retina, no ASD 

individuals in this study exhibited any retinal anomalies. Notably, CPAMD8 has a 

signal peptide and it has been shown to be able to cleaved into two chains (Li et al. 
2004). Thus, future studies should elucidate whether the CPAMD8 protein produced 

in the neuroepithelium acts in extracellular signalling pathways by protein cleavage 

and secretion to mediate the communication between the optic cup and periocular 

mesenchyme during anterior segment development and/or whether it has a 

redundant role in the retina. Furthermore, CPAMD8 expression is not restricted to 

the eye. RNA sequencing (RNA-Seq) data from the Human Body Map 2.0 project 

shows expression in brain, kidney, heart, and liver; however these tissues are also 

unaffected in our cohort, suggesting that CPAMD8 has a potentially redundant 

function in several tissues.  

 

 
Figure 5.18 Expression of PAX6, FOXC1, PITX2, and CPAMD8 during anterior 
segment development. (Left panel) Schematic showing expression of FOXC1 and 

PITX2 in the periocular mesenchyme, whereas PAX6 expression is detected 

exclusively in the optic cup and lens, with strong expression in the optic cup 

periphery. (Right panel) In situ hybridisation image of human embryonic eye at 

Carnegie stage (CS) 23 showing strong expression of CPAMD8 in the neural retina 

and weak expression in the lens. Restricted strong expression is shown in the distal 

tips of retina neuroepithelium. The following abbreviations are used: L, lens; MS, 
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mesenchyme; NR, neural retina; OC, optic cup; RPE, retinal pigmented epithelium; 

SE, surface ectoderm. 

 

5.3.6 Future studies and concluding remarks  
Although this study has demonstrated that mutations in CPAMD8 cause autosomal 

recessive ASD and CPAMD8 is expressed in the developing anterior segment, the 

biological functions of CPAMD8 are still poorly understood. For future studies, 

several approaches can be employed to improve understanding of CPAMD8 
function. Yeast two-hybrid (Y2H) and immunoprecipitation assays can be performed 

to identify the potential interacting partners of CPAMD8 and/or whether it interacts 

with BMP proteins as implicated by the presence of a Kazal-like domain in the C-
terminus. Animal models such as zebrafish or Xenopus can be used to investigate 

whether CPAMD8 knockdown recapitulates the human ocular phenotype. RNA-Seq 

could then be performed in these animal models in the developing eye to investigate 

the up- or downregulation of genes potentially involved in the same pathway as 

CPAMD8, especially genes involved in iris development. In vitro studies using 

human cell lines should be performed to investigate subcellular localisation, protein 

cleavage, and potential secretion of CPAMD8, in addition to overexpressing the 

missense mutant to determine how it affects protein structure/function and siRNA 

knockdown of CPAMD8 using human cell lines to investigate the effects on cell 

physiology.  

 
Overall, this study has several important implications for understanding the etiology 

of ASD and the development of the anterior segment. A new form of rare autosomal 

recessive ASD was delineated, which is characterised by predominant iris and lens 

anomalies without affecting the cornea, retina and other extraocular tissues. 

Mutations in CPAMD8, encoding a protein of unknown function, were identified to 

be causative of this condition. CPAMD8 was shown to be expressed in the 

developing lens, iris, retina and presumably in the cornea at a later stage. The 

presence of a signal peptide in CPAMD8 and its spatiotemporal expression pattern 

during anterior segment development suggest that it may play an important role in 

mediating the cross-talk between the optic cup peripheral neuroepithelium and the 

anterior periocular mesenchyme during eye morphogenesis. The rodent lineage-

specific CPAMD8 deletion and exclusive introduction of murinoglobulins suggests 

functional divergence or complementation of gene function between human and 

rodents. Considering the genetic and phenotypic heterogeneity of ASD, we can 
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speculate that this autosomal recessive ASD is currently under-recognised or has 

been misdiagnosed as another form of ASD such as Axenfeld-Rieger syndrome. 

Therefore, screening of CPAMD8 should be considered in genetically unresolved 

ASD individuals with overlapping phenotypes. 
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 Molecular   genetics   of   congenital   cataract  6
and  Nance-Horan  syndrome     
 

6.1 INTRODUCTION 
6.1.1 Isolated and syndromic congenital cataracts 
Congenital cataracts (CCs) have a prevalence of 2-4 per 10,000 births in the United 

Kingdom, at least 50% of which are inherited (Francis and Moore 2004; Gillespie et 
al. 2014).  

 

CCs can be inherited as an isolated clinical entity, or associated with other ocular 

features including microphthalmia or anophthalmia, and anterior segment 

dysgeneses (ASD) (Litt et al. 1998; Khan et al. 2007). CCs are also a feature of 

syndromes, associated with systemic defects including intellectual disability (ID), 

developmental delay, facial dysmorphism, skeletal defects, and dental anomalies 

(Ng et al. 2004; Coccia et al. 2009). Isolated CCs are more common than syndromic 

CCs, and are often  associated with other ocular anomalies (Rahi and Dezateux 

2000). Although the genetic cause of CC in many cases remains unresolved, it is 

thought that there is a higher genetic contribution to bilateral CC (56%) than to 

unilateral CC (6%) (Rahi and Dezateux 2000).  

 

Although the majority of CCs are inherited in an autosomal dominant fashion, 

autosomal recessive and X-linked transmissions have also been described (Rahi 

and Dezateux 2000; Wirth et al. 2002; Coccia et al. 2009) (see section 1.3.1). To 

date, more than 200 genes have been associated with CCs (CatMap). For isolated 

CCs, mutations in the lens crystallin genes account for half of the mutations 

identified so far, and a further 25% are associated with mutations in connexin genes. 

Other genes implicated include heat shock transcription factors, aquaporin, and 

structural (membrane or cytoskeletal associated) genes (Hejtmancik 2008) (see 

section 1.3.1).  

 

Various systemic defects have been associated with syndromic CCs: skeletal 

defects in Conradi-Hühnerman syndrome (MIM: 215100), Marfan syndrome (MIM: 

154700), and Majewski syndrome (MIM: 263520); cranial and neuromuscular 

anomalies in Menkes syndrome (MIM: 309400), Marinesco-Sjögren syndrome 
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(MIM: 248800), and myotonic dystrophy 1 (MIM: 160900); and dental and facial 

dysmorphism in Nance-Horan syndrome (NHS; MIM: 302350). Diverse genetic 

mechanisms have been associated with syndromic CCs such as mitochondrial 

inheritance (MELAS; MIM: 54000), chromosomal aberrations (Trisomy 21; MIM: 

190685), trinucleotide repeat disorders (myotonic dystrophy 1; MIM: 160900) and 

complex disease (diabetes mellitus) (Shiels et al. 2010). Different types of CC and 

their morphology are described in section 1.3.2. 

 

Identification of the genetic cause of CCs is challenging due to genetic 

heterogeneity (Francis and Moore 2004), and in some cases establishing genotype-

phenotype correlation is hindered by intrafamilial phenotypic variability and variable 

disease progression (Richter et al. 2008; Coccia et al. 2009). 

 

6.1.2 X-linked congenital cataract (CXN) and Nance-Horan syndrome 
(NHS) are allelic disorders 

This study focused on isolated X-linked congenital cataract (CXN; MIM: 302200) 

and Nance-Horan syndrome (NHS; MIM: 302350). NHS is characterised by bilateral 

CC (mostly nuclear), dental abnormalities (screwdriver-shaped, widely spaced and 

supernumerary), and facial dysmorphism (long face, prominent nose, and large ears 

with anteverted pinnae) (Horan and Billson 1974; Nance et al. 1974). Intellectual 

disability (ID) has also been reported in half of the affected males (Coccia et al. 
2009; Liao et al. 2011; Sun et al. 2014). 

 

Linkage analysis of NHS families mapped the disease locus to Xp22.13 (Toutain et 
al. 2002; Burdon et al. 2003), and subsequent screening of the genes within that 

locus identified a 1 bp insertion in NHS (Nance-Horan syndrome; MIM: 300457), 

c.2387insC, which segregated with NHS phenotype in the family (Burdon et al. 
2003). Additional NHS mutations were subsequently identified in families diagnosed 

with NHS, confirming NHS mutations as the genetic cause of NHS phenotypes 

(Brooks et al. 2004). To date, a total of 30 NHS mutations have been identified in 

NHS families, all of which were null mutations  (Burdon et al. 2003; Brooks et al. 
2004; Ramprasad et al. 2005; Florijn et al. 2006; Huang et al. 2007; Reches et al. 
2007; Sharma et al. 2008; Coccia et al. 2009; Liao et al. 2011; Gillespie et al. 2014) 

(Table 6.9). 
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Interestingly, array comparative genomic hybridisation (aCGH) performed for two 

CXN families identified mutations in NHS including a complex duplication/triplication 

involving the NHS gene in one family and a 4.8 kb segmental deletion in the highly 

conserved NHS intron 1 in a second family (Coccia et al. 2009). Different cataract 

phenotypes were observed in the affected males in these two families, with 7 out of 

8 presenting with bilateral nuclear cataracts, and an affected male with mild 

posterior sutural cataract (Coccia et al. 2009). Carrier females also displayed 

different cataract phenotypes, with mild progressive fan-shaped central nuclear 

cataracts in all 9 carrier females from one family and Y-sutural cataract in the carrier 

female from the second family (Coccia et al. 2009). Although phenotype-genotype 

correlation for CXN is unclear, these findings demonstrate that CXN and NHS are 

allelic disorders, in which NHS is caused by null mutations in the NHS gene, 

whereas transcription aberration of NHS is the proposed mechanism for isolated 

CXN (Coccia et al. 2009). 

 

Thus, in this study, two families diagnosed with CXN and three NHS families were 

recruited to identify the genetic cause(s) of their condition. NHS screening was 

performed for these families. In families with no mutation in the NHS gene, whole 

exome sequencing (WES) was performed. 

 

6.1.3 NHS gene and protein isoforms 
NHS consists of 10 coding exons, which are alternatively spliced into at least three 

isoforms (Figure 6.1): NHS-1A (GenBank ID: GQ988776), NHS-A (GenBank ID: 

AY436752), and NHS-1C (GenBank ID: AY456992). NHS-1A encodes 1,652 amino 

acids (aa) and is transcribed from exon 1. Isoform NHS-A is also transcribed from 

exon 1, however, this isoform lacks exon 3a, resulting in a shorter protein with 1,630 

aa. Isoform NHS-1C is transcribed from an alternative exon 1a, which encodes a 

1,474 aa protein. As mutations causing NHS phenotypes have been identified in 

exon 1, this implies that only isoforms NHS-1A and NHS-A are important in the 

pathogenesis of NHS (Brooks et al. 2010).  

 
Interestingly, a previous study demonstrated differential expression of different NHS 
isoforms: isoform NHS-1A was found in the lens, teeth primordia, olfactory 

epithelium and retina, whereas in brain choroid plexus and mesenchyme of the 

heart ventricle, only isoform NHS-A was expressed, suggesting that the effects of 

NHS mutations on different isoforms may be the cause of phenotypic variability in 
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NHS patients (Sharma et al. 2006). This also suggests that patients with mutations 

in the C-terminal exons could display more severe phenotypes as they are expected 

to affect all known NHS isoforms, compared to patients with mutation in exon 1. 

However, patients with a mutation in exon 8, p.(Ser1521fs*1531) presented with 

unusually mild cataract (Coccia et al. 2009), whereas patients with mutations in 

exon 1, such as p.(Arg134fs*61), exhibited typical NHS features (Brooks et al. 2004) 

(Table 6.9). The lack of phenotype-genotype correlation may be due to the 

differential effects of the mutations, in which some mutations may result in truncated 

protein products whereas in some instances no protein is produced. This may also 

reflect the likely involvement of genetic modifiers.  

 

In addition, different NHS isoforms localise to different subcellular locations. Isoform 

NHS-1A was found to be predominantly expressed at the cell periphery, co-

localising with ZO-1 at the tight junctions, whereas isoform NHS-A was mainly found 

in the cytoplasm in MDCK (Madin Darby canine kidney) cells, suggesting that NHS 

may be involved in a wide range of cellular processes via interaction with different 

proteins (Sharma et al. 2006; Brooks et al. 2010).  

 

Interestingly, the N-terminus of NHS-1A and NHS-A was found to share significant 

homology with the WAVE homology domain (WHD) of the WAVE protein, which is a 

member of WASP (Wiskott-Aldrich syndrome protein) family (Figure 6.2). 

Furthermore, yeast two hybrid (Y2H) and immunoprecipitation (IP) assays 

confirmed the interaction of NHS with HSPC300, ABI1, NAP1 and SRA1, which are 

members of the WAVE complex (Brooks et al., 2010). The WAVE complex is known 

to play a role in actin polymerisation and actin filament nucleation through activation 

of the Arp2/3 complex (Goley and Welch 2006; Takenawa and Suetsugu 2007; 

Rotty et al. 2013). NHS-1A was found localised to the sites of cell-cell contact in 

Caco-2 (human colon epithelium) cells, and in the lamellipodia of stimulated MTLn3 

(rat breast tumour) cells. Knockdown of NHS by siRNA resulted in disruption of the 

actin cytoskeleton and cell spreading, supporting a role for NHS in the regulation of 

actin remodelling and maintaining cell morphology through regulation of the WAVE 

complex (Brooks et al., 2010).  
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Figure 6.1 Schematic of NHS genomic and protein structure. (A) Schematic of 

the NHS gene and protein domains (not to scale) with corresponding exons. NHS 

consists of 10 alternatively spliced coding exons (black boxes). The N-terminal 

WAVE homology domain (WHD) is encoded by exons 1 to 3. (B) NHS is 

alternatively spliced into at least three isoforms, NHS-1A, NHS-A and NHS-1C. 

Isoform NHS-1C is transcribed from an alternative exon 1a, whereas isoform NHS-A 
is lacking exon 3a.  

 

6.1.4 The WASP family 
Many biological processes such as mitosis, cell migration, cell adhesion, protein 

trafficking and phagocytosis require the regulation of actin dynamics mediated by 

the actin filament branching activity of the Arp2/3 (actin-related protein 2/3) complex 

(Pollard and Borisy 2003). The activity of the Arp2/3 complex is stimulated upon 

binding to the NPFs (nucleation promoting factors). NPFs such as members of the 

WASP (Wiskott-Aldrich syndrome protein) family of proteins, modulate actin filament 

nucleation by bringing together actin monomers and the Arp2/3 complex. WASP 

consists of a characteristic C-terminal VCA domain (V, veprolin domain, also known 

as WASP Homology 2 (WH2) domain; C, central region; A, acidic domain). In 

addition, WASP family members contain an N-terminal domain, which is specific to 

its subclass, and a proline rich region positioned before the VCA domain (Figure 

6.2). To date, a total of five WASP family members have been identified including 

WASP, N-WASP, WAVE, WASH, and WHAMM/JMY (Brooks et al. 2010; Rotty et al. 
2013). Two new members, WAML and WAMH have been recently identified, 

however it is unclear to which subclass of the WASP family they belong (Kollmar et 
al. 2012). 
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Figure 6.2 The WASP protein family. The classification of the WASP family 

members into 4 subclasses depending on the specific N-terminal domain. All WASP 

family members have a characteristic C-terminal VCA domain (veprolin, central 

region, acidic domain). The NHS protein has an N-terminal WAVE homology 

domain (WHD), similar to the WAVE protein (adapted from Brooks et al. 2010) 

 
 
Within the WASP protein family, only the activation mechanisms of WASP and 

WAVE have been well characterised (Eden et al. 2002; Suetsugu et al. 2006). 

WASP and N-WASP (neural WASP) have a WH1 (WASP homology 1) domain, 

which is specific to subclass I, followed by a basic region, and a GBD (GTPase 

binding domain) in their N-terminus and VCA domain in the C-terminus. The WH1 

domain binds to WIP (WASP-interacting protein). The WASP and N-WASP 

complexes are structurally similar, and are composed of WASP or N-WASP, WIP, 

CR16 (corticosteroids and regional expression-16), and WICH/WIRE (WIP-and 

CR16-homologous protein/WIP-related protein). N-WASP is abundant in neural 

tissue; however, it is also found in human blood cells (Shcherbina et al. 2001; 

Takenawa and Suetsugu 2007). 

 

Proposed mechanisms for WASP activation are shown in Figure 6.3. WASP is 

autoinhibited by the intramolecular interactions under baseline conditions. It is  

activated by the binding of a small GTPase, called CDC42 to the GBD region, which 

in turn releases the VCA domain and enables the binding and activation of the 

Arp2/3 complex. Phosphoinositides and SH-3 domain-containing proteins bind to 
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the basic region and proline rich regions, respectively, and synergise with CDC42 to 

activate the WASP complex. Other molecules such as TOCA1 and phosphorylation 

by the Src family of tyrosine kinases, have also been described to contribute 

additive effects on the activation of the WASP complex (Goley and Welch 2006; 

Takenawa and Suetsugu 2007) (Figure 6.3). The WASP complex plays an 

important role in phagocytosis, filopodium and podosome formation, and neurite 

extension through activation of the Arp2/3 complex.  

 

Importantly, NHS was found to contain a WHD in its N-terminus, which is similar to 

the WAVE (WASP family veprolin-homologous) protein in the WASP family (Figure 

6.2). This domain is only encoded by two NHS isoforms, NHS-1A and NHS-A 

(Brooks et al. 2010) (Figure 6.1). To date, three WAVE proteins have been identified 

in humans, denoted as WAVE1-3. All WAVE proteins contain an N-terminal WHD, 

that binds to the coiled-coil (CC) region of ABI1/2 (ABL interactor) and HSPC300 

(haematopoietic stem/progenitor cell protein 300) to form a WAVE complex. ABI in 

turn binds to NAP1 (NEF-associated protein 1) and NAP1 links to SRA1 (specifically 

RAC1 ‑ associated protein 1), forming a WAVE/ABI/HSPC300/NAP1/SRA1 

pentameric complex (Figure 6.3).   

 

The WAVE complex plays an important role in regulating actin dynamics during cell 

migration, cell-cell contacts and initiating lamellipodia formation (Kurisu and 

Takenawa 2010). However, the activation mechanism of the WAVE complex 

remains unclear. Several mechanisms of WAVE complex activation have been 

described, including (1) WAVE complex is autoinhibited by the intramolecular 

interaction (similar to the WASP complex). WAVE complex is then activated by the 

binding of small GTPase (Rac) to SRA1 that in turn releases the VCA domain from 

its inhibitory state; (2) Rac binding activates the dissociation of WAVE and 

HSPC300 from the rest of the complex, which enables activation of the Arp2/3 

complex (Goley and Welch 2006; Takenawa and Suetsugu 2007); (3) WAVE 

complex is phosphorylated under resting conditions, which is activated by kinase-

mediated phosphorylation or by binding to Rac (Rotty et al. 2013) (Figure 6.3). 

Regulation by other proteins such as phosphatidylinositol (3,4,5) triphosphate 

(PIP3), IRSp53, and NCK have also been described (Eden et al. 2002; Suetsugu et 
al. 2006). In any of the circumstances proposed, the release of the VCA domain 

from its inhibitory state marks the activation of WAVE complex. Activated WAVE is 
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then able to activate the Arp2/3 complex by binding to the VCA domain, thereby 

stimulating actin filament nucleation. 

 

The WASH complex is composed of five component proteins: WASH, SWIP 

(strumpellin- and WASH- interacting protein), strumpellin, CCDC53 (coiled-coil 

domain-containing protein 53), and FAM21 (family with sequence similarity 21). The 

WASH complex plays an important role in endosomal fission and sorting in an 

Arp2/3 complex-dependent manner. After endocytosis, endosomal sorting regulated 

by the WASH complex occurs in one of three ways: transport to the lysosomes for 

degradation, retrograde transport to the trans-Golgi network (TGN), or traffic to the 

plasma membrane for recycling (Figure 6.4) (Derivery et al. 2009; Gomez and 

Billadeau 2009; Lee et al. 2016).  

 

Similar to the WASP and WAVE complexes, it is believed that the WASH complex is 

autoinhibited under resting conditions. However, the activation mechanism for the 

WASH complex is unclear (Figure 6.3). WASH does not contain an intrinsic 

phospholipid-binding domain, thus its binding to the endosomal membrane is 

mediated by a retromer, which consists of three VPSs (vacuolar protein sorting-

associated proteins) and a SNX (sorting nexin). The VPS trimer in the retromer 

complex is conserved, whereas different SNXs can be incorporated depending on 

the endosomal sorting destinations. However, the mechanism of retromer-specified 

endosomal fate is not well understood (Gomez and Billadeau 2009; Rotty et al. 
2013; Seaman et al. 2013). Interestingly, a recent study demonstrated that SNX27-

retromer-WASH complex is able to direct the destination of the endosome to the 

plasma membrane by blocking both the retrograde transport to the TGN and 

degradation route to the lysosomes. This is mediated by a key component in the 

WASH complex, FAM21, which binds directly to SNX27 and the retromer (Figure 

6.4) (Lee et al. 2016). 
  



 Chapter 6 
 

261 | P a g e  
 

   
Figure 6.3 The activation of WASP (or N-WASP), WAVE, and WASH complexes. 
(A) The WASP (or N-WASP) complex is composed of WASP or N-WASP, WIP, 

CR16, and WICH/WIRE. Under resting conditions, WASP or N-WASP are 

autoinhibited by the intramolecular interaction between the GBD (GTPase binding 

domain) and the C (central region) of the VCA domain that holds the VCA domain in 

a conformation inaccessible by the Arp2/3 complex. The binding of CDC42 to the 

GBD region, phosphoinositides to the basic region, and SH-3 domain-containing 

proteins such as Toca1, Nck, and Grb2 to the proline rich region synergise with 
CDC42 to induce the WASP complex to activate Arp2/3 complex. (B-C) Different 

mechanisms proposed for WAVE complex (WAVE/ABI/HSPC300/NAP1/SRA1) 
activation. (B) Rac binding activates the dissociation of WAVE and HSPC300 from 

NAP1/SRA1/ABI, enabling the activation of Arp2/3 complex (repression model). Rac 

binding releases the VCA domain from its inhibitory state, and recruits the entire 

WAVE complex to the membrane, where the VCA domain of WAVE protein binds 
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and activates the Arp2/3 complex to promote actin nucleation (activation and 
localisation model). (C) The WAVE complex is phosphorylated under resting 

conditions. Phosphorylation by kinase-mediated phosphorylation or Rac activates 
the WAVE complex. (D) The WASH complex is composed of WASH, SWIP 

(strumpellin- and WASH- interacting protein), strumpellin, CCDC53 (coiled-coil 

domain-containing protein 53) and FAM21 (family with sequence similarity 21). It is  

proposed that the WASH complex is autoinhibited under baseline conditions. CapZ 

is believed to be a regulator of WASH complex. However, the activation mechanism 

of the WASH complex remains unclear (adapted from Goley & Welch 2006; Rotty et 

al. 2013).   

 
 

 
Figure 6.4 WASH-retromer complex regulated endosomal sorting. After 

endocytosis, protein cargo binds to the PDZ domain of SNX27, which in turn binds 

to the retromer (VPS26/35/29), preventing the cargo from entering the lysosomes. 

Endosomal transport to the Golgi is also blocked upon binding of the FERM domain 

of SNX27 to FAM21 of WASH complex. Therefore, the SNX27-retromer-WASH 

complex directs the protein cargo to the plasma membrane for recycling  (adapted 
from Lee et al. 2016). 
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6.1.5 Protein-protein interaction (PPI) 
A total of 30,057 proteins have been identified to date (Human Proteome Map). 

However, the functions of the majority of proteins are still yet to be elucidated. All 

biological processes are driven by molecular machines formed by a number of 

proteins, which interact with each other and make up the interactome in a cell. It 

was proposed that more than 80% of proteins form complexes (Berggård et al. 
2007). Therefore, in order to understand the biological functions of a protein and 

ultimately to have an insight into the underlying biological pathway, the study of 

protein-protein interactions (PPI) is key to unravel their functions. 

 

A number of methods have been described to detect PPIs, and each of them has 

their pros and cons. PPI methods can be divided into three categories: in silico, in 
vitro and in vivo approaches.  

 

In silico techniques are performed to predict the potential PPIs via sequence-based, 

structure or domain-based approaches, and phylogenetic tree analysis. Structure or 

domain-based approaches are based on the principle that proteins with similar 

structure or domains are likely to have similar functions and interact with similar 

interacting partners. In silico tools which infer PPIs based on the primary, secondary, 

or three-dimensional (3D) structures include Struct2Net, and CoevNet. Sequence-

based approaches predict PPIs based on the sequence similarity between 

orthologues or paralogues. The concept is that proteins that interact in a species 

should have the same role in another species, provided that the two orthologues 

share high sequence similarity. iWRAP (Interface Weighted RAPtor) is one of the 

programs that was created to perform sequence-based PPI prediction. Phylogenetic 

tree analysis is based on the theory that during evolution, interacting proteins tend 

to co-evolve and that is reflected by the degree of similarity in molecular 

phylogenetic trees, which can be measured by the distance matrices between the 

proteins (Craig and Liao 2007). In silico methods are the quickest and least 

laborious techniques to identify potential protein interacting partners. However, 

typically it is only able to provide predictions. Therefore, a downstream in vitro or in 
vivo method is required to verify the putative PPIs.  

 

In vitro experiments are carried out outside of a living organism. In vitro PPI 

methods include IP (immunoprecipitation), TAP-MS (tandem affinity purification-

mass spectroscopy), and protein microarray. In IP, whole cell or tissue lysates are 

used and the interacting proteins are pulled down with the protein of interest using 
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magnetic beads, which are coupled to the antibody specific to the protein of interest. 

This method detects PPIs in their native state in the cell. The use of eukaryotic cells 

also enables post-translational modifications, which may be important for PPIs. 

However, transient interaction may not be detected by this method. Furthermore, if 

the protein of interest is expressed at low levels endogenously, overexpression of 

the proteins may be required, which may not be fully representative of the native 

states of the proteins in the cell. TAP-MS involves double tagging the protein of 

interest, and a two-step purification followed by mass spectrometry to establish the 

identities of the proteins that are still attached to the protein of interest after the 

purification step. The principle of protein microarray is similar to DNA microarray, in 

which proteins are bound to a chip, followed by addition of probes that are 

fluorescently-labelled. This method enables a rapid and high-throughput detection of 

PPIs. However, protein microarray chips have limitations; the secondary or tertiary 

structures of the proteins have to be maintained on the chip to ensure PPIs. 

Proteins are easily denatured therefore the shelf life of the chip poses a problem. 

Furthermore, the amount of protein bound to the chip has to be finely tuned to 

ensure detection and avoid background.   

 

PPIs can be detected in vivo using methods such as a yeast two hybrid (Y2H) assay. 

This method was first described by Fields and Song (Fields and Song 1989). Y2H 

makes use of yeast transcription factor (TF) such as the yeast enhancer, Gal4, 

which has two separable functional domains: a DNA-binding domain (BD) and an 

activation domain (AD). The Gal4 BD binds to the promoter region of the β-

galactosidase gene, while the Gal4 AD activates the transcription of the reporter 

gene. When the two domains are separated, they are unable to activate 

transcription, but the function can be restored if their proximity is reconstituted by 

PPIs between the bait protein, which is fused with the BD, and prey proteins that are 

fused with the AD, and are transformed into yeast strains of different mating types. 

Y2H is a versatile method, either to detect specific interaction between two proteins, 

or a whole tissue-specific library can be used as prey. This enables the detection of 

PPIs without any prior knowledge. In addition, due to the ability of the reporter gene 

to amplify the signal, transient interactions are easily detected using this technique. 

However, in the commonly used protocol the interacting proteins must be targeted 

to the nucleus in order to activate the reporter genes. Therefore, proteins that are 

less likely to localise in the nucleus will not be detected. 
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Table 6.1 Summary of commonly used PPI detection methods 

Nature Approach Pros and cons 

In silico 

Structure-based approach Pros: quick, no laboratory work 
required, predicts full range of 
possible interactions 
Cons: provides only predictions, 
verification by in vitro or in vivo 
method is required 

Domain-pair-based-approach 
Orthologues-based sequence 
approach 
Phylogenetic tree 

In vitro 

Immunoprecipitation (IP)  

Pros: accurate detection, enables 
post-translational modification 
Cons: transient interaction may not 
be detected 

Tandem affinity purification-
mass spectroscopy (TAP-MS) 

Pros: prior knowledge is not required, 
ability to detect a wide array of 
proteins and complexes, high 
throughput 
Cons: false positive interactions, tag 
may inhibit protein binding and 
expression level 

Protein microarray 
Pros: time-efficient, high throughput 
Cons: problems at designing and 
maintaining protein chip 

In vivo Yeast two hybrid (Y2H) 

Pros: prior knowledge is not required, 
transient interaction is easily detected 
Cons: false positive interactions, lack 
of post-translational modification, 
localisation of the proteins in the 
nucleus or modified protocols 
required 
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6.1.6 Identification of CCDC22 as an NHS putative interacting partner 
by Y2H  

A former PhD student, Dr Margherita Coccia (PhD) used Y2H to identify NHS 

interacting proteins (Coccia 2010). The N-terminus of the NHS protein has been 

shown to be homologous to the WAVE homology domain (WHD) of WAVE proteins 

(Figure 6.2), and plays an important role in the regulation of actin modelling and cell 

morphology (Brooks et al. 2010). Furthermore, in NHS patients, mutations have 

been identified in NHS exon 1, which encodes the WHD, highlighting the importance 

of NHS isoforms with this domain in the pathogenesis of Nance-Horan syndrome 

(Coccia et al. 2009). Thus, the WHD (1-262 amino acids) of NHS was used as bait 

in the Y2H assay. Since expression of the Nhs gene was detected in mouse tissues 

such as midbrain, heart, and olfactory epithelium as early as mouse embryonic day 

14.5 (E14.5) (Burdon et al. 2003), a 17 day (E17) mouse embryo brain library was 

used as prey (Clontech) (Figure 6.5). 

 

 
 
Figure 6.5 Schematic representation of the Y2H system. Two hybrid proteins are 

expressed separately in two different yeast strains. NHS-WHD fused to the Gal4-BD 

in yeast AH109 (MATa), whereas cDNA insert from an E17 mouse embryo library 

fused to the Gal4-AD in yeast Y187 (MATα). Mating of the two yeast strains and 

interaction between NHS and a protein from the mouse embryo library activate the 
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transcription of the reporter gene. The following abbreviations are used: BD, DNA 

binding domain; AD, activation domain; Y2H, yeast two hybrid (adapted from Coccia 

2010). 
 

Using this Y2H system, Dr Coccia identified 5 putative NHS interacting partners: 

MED10, BLOC1S2, HSPC300, DCTN2, and CCDC22, all of which bind to the NHS 

WHD (Brooks et al. 2010 and Coccia 2010). Four out of five NHS putative 

interacting partners, except MED10, have a coiled-coil (CC) domain, suggesting that 

the CC domain is essential for the interaction to take place. HSPC300 is a member 

of the WAVE heteropentameric complex (Figure 6.3) and is able to interact directly 

with all three WAVE complex component proteins, ABI, NAP1 and SRA1 (Brooks et 
al. 2004). The interaction between NHS and HSPC300 had been confirmed by co-

immunoprecipitation (Co-IP) (Brooks et al. 2004). 

 

This study focused on the interaction between NHS and CCDC22. Dr   Coccia’s  
unpublished data of CCDC22 as a putative NHS interacting protein using Y2H 

system is shown in Figure 6.6. Although the function of CCDC22 is not well 

understood, recent studies have revealed an intriguing relationship between NHS 

and CCDC22 (see section 6.1.7).  
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Figure 6.6 Identification of Ccdc22 as a putative NHS interacting partner by 
Y2H. (A) Images showing the results of AH109 yeast cells co-transformed with 

pGADT7Ccdc22 (mouse) and pGBKT7NHS-WHD, pGBKT7NHS-1A (human) or 
empty pGBKT7. 1-4 indicates a serial dilution plated on selective media. (B) 
Predicted amino acid sequence of mouse Ccdc22 cDNA clones detected by Y2H as 

a potential NHS-WHD interacting protein. Four Ccdc22 clones were identified, none 

of which contained the complete open reading frame of Ccdc22 (627aa). All four 

clones contain the Ccdc22 C-terminus (441-627 aa), indicating the interaction is 

mediated by the C-terminal region of Ccdc22. The amino acids that differ in human 

and mouse are highlighted in red (adapted from Coccia 2010).  
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6.1.7 CCDC22 (coiled-coil domain-containing protein 22) 
CCDC22 (MIM: 300859) is an X-linked gene, located on chrXp11.23. Three recent 

studies have reported the association of hemizygous mutations in CCDC22 with 

non-syndromic X-linked ID (Starokadomskyy et al. 2013) and Ritscher-Schinzel 

syndrome (RTSC2; MIM: 300963), which is characterised by ID, cerebellar defects 

(Dandy-Walker malformations, posterior fossa defects, and cerebellar hypoplasia), 

cardiac malformations (atrial septal defects and ventricular septal defects), facial 

dysmorphism (hypertelorism, a prominent forehead, downslanting palpebral fissures, 

depressed nasal bridge, low set ears, and micrognathia) and digital anomalies  

(Voineagu et al. 2012; Starokadomskyy et al. 2013; Kolanczyk et al. 2014) (Table 

6.2). Interestingly, two out of six patients with a missense mutation in CCDC22, 

p.Thr17Ala, also had dental anomalies (Starokadomskyy et al. 2013) (Figure 6.7). 

These findings are intriguing, considering the overlapping phenotypes shared by 

patients with CCDC22 mutations and Nance-Horan syndrome (NHS) patients with a 

null mutation in NHS, such as dental anomalies, ID, and facial dysmorphism. This 

may imply an as yet to be elucidated but interesting relationship between NHS and 

CCDC22 and possible involvement in the same biological pathway.  

 

 
Figure 6.7 Dental anomalies in patients with point mutation in CCDC22. 

Images of male patients with a p.T17A mutation in CCDC22 showing dental 

anomalies (adapted from Starokadomskyy et al. 2013). 
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CCDC22 consists of 17 coding exons and only one isoform was identified in human 

tissues (RNA-Seq data from Human BodyMap Project). CCDC22 encodes coiled-

coil domain-containing protein 22, which contains an N-terminal calponin homology 

(CH) domain, and a C-terminal coiled–coil (CC) domain (Figure 6.8). CCDC22 is 

ubiquitously expressed in tissues including brain, liver, prostate and skeletal muscle 

(Voineagu et al. 2012). Several proteins have been identified as interacting partners 

of CCDC22, including COMMD (Starokadomskyy et al. 2013), FAM21 (Harbour et al. 
2012; Phillips-Krawczak et al. 2015), and copines (Tomsig et al. 2003). The 

interaction of CCDC22 with COMMD proteins is mediated by its N-terminal CH 

domain. CCDC22 promotes the ubiquitination and degradation of inhibitory IkB 

proteins, which leads to the activation of NF-kB (Starokadomskyy et al. 2013). In 

addition, CCDC22 has been shown to be a component of the CCC complex 

(CCDC22, CCDC93, and C16orf62), which is involved in the regulation of the 

copper ion homeostasis. CCDC22 binds directly to FAM21, which is part of the 

WASH complex, via its C-terminal CC domain. The CCC/WASH complex then 

interacts with the retromer and COMMD proteins, and regulates copper-dependent 

ATP7A trafficking between the trans-Golgi network (TGN) and vesicles in the cell 

membrane (Phillips-Krawczak et al. 2015). CCDC22 has also been found to interact 

with copines via its C-terminal CC domain, suggesting a potential function in 

calcium signalling (Tomsig et al. 2003). 

 
Given the identification of CCDC22 as a putative NHS interacting protein by Y2H, 

and the overlapping phenotypes presented by patients with CCDC22 and NHS 
mutations, as well as the link of both NHS and CCDC22 to WASP family members, 

WAVE and WASH, respectively, this putative interaction was further investigated.  

Table 6.2 Phenotypes associated with CCDC22 mutations 

Nucleotide  
change 

Protein 
change Clinical features Reference 

c.49A>G p.T17A RTSC2 (2/6 had ectodermal dysplasia and 
dental anomalies) Voineagu et al., 2012 

c.219A>G p.T30A Non-syndromic ID. No detailed clinical data 
given 

Starokadomskyy  et 
al., 2013 

NA p.R128Q Non-syndromic ID. No detailed clinical data 
given 

Starokadomskyy  et 
al., 2013 

NA p.R321W 
Non-syndromic ID. No detailed clinical data 
given 

Starokadomskyy  et 
al., 2013 

c.1670A>G p.Y557C RTSC2 Kolanczyk et al., 
2014 

The following abbreviations are used: NA, not available; RTSC2, Ritscher-Schinzel syndrome-2; 
ID, intellectual disability.  
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Figure 6.8 Schematic of CCDC22 gene and protein structure with position of 
patient mutations. (A) All mutations reported in CCDC22 are shown (Voineagu et 
al. 2012; Starokadomskyy et al. 2013; Kolanczyk et al. 2014). Most of the patient 

mutations are positioned in the N-terminus of CCDC22 including p.T17A, p.T30A, 

and p.R128Q. The missense mutation p.R321W is located just before the coiled-coil 
(CC) domain, whereas p.Y557C is within the CC domain. (B) CCDC22 consists of 

17 coding exons (black boxes) (not to scale), which encodes a 627-amino acid 

protein. CCDC22 has an N-terminal calponin homology (CH) domain and a C-

terminal CC domain. 

 

6.2 RESULTS 

6.2.1 X-linked cataract (CXN) and Nance-Horan syndrome (NHS) 
families and clinical examination  

Two congenital cataract (CC) families with presumed X-linked inheritance and three 

families diagnosed with Nance-Horan syndrome (NHS) were recruited to this study. 

Patients and their relatives were clinically assessed by experienced 

ophthalmologists and clinical geneticists. 

 

6.2.1.1  CC families with presumed X-linked inheritance 

6.2.1.1.1 Family MH 
A reportedly non-consanguineous three-generation white Family MH consisted of 

two affected male siblings, II:2 and II:3 (Figure 6.9). Both siblings had 

uncomplicated births and normal development. The affected older brother (II:2), now 

age 40 years, was noted in early infancy to have reduced vision. At the age of 4 

months, examination under anaesthesia identified bilateral lamellar cataracts and 

pendular nystagmus. Initial management was with pupil dilatation using guttae 

atropine 0.5% in each eye. At 10 months of age, cataract surgery was performed 
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with lens aspiration, which left him aphakic. Contact lens refractive correction was 

subsequently used. Further treatment included 2 left lens surgical capsulotomies at 

the age of 2 and 17 years, right occlusion therapy for left amblyopia and squint 

surgery for left esotropia at the age of 2 years.  At the age of 3 years, the first 

recorded uniocular visual acuity was 6/24 Snellen (right eye, RE), and 4/60 (left eye, 

LE). At last review, at 40 years old, visual acuity was 6/60 (RE), and 6/24 (LE) with 

refractive correction of +13.25/-2.25 x 105 (RE), +14.75/-1.25 x 170 (LE). The 

proband (II:3), now aged 39, was noted at 2 months of age by his mother to have 

nystagmus and a white reflex. Central lens opacities were found with abnormal 

posterior curvature of the lens, and normal fundi. Lens aspiration was performed in 

the left eye at 7 months of age, and in the right eye at 10 months of age with soft 

contact lens refractive correction afterwards. Further procedures included left 

needle capsulotomy at 8 months of age, left laser capsulotomy at the age of 15 

years, secondary sulcus intraocular lens (IOL) in the right eye at the age of 19 years, 

and in the left eye at 29 years of age. Axial lengths on B scan ultrasound prior to 

lens insertion demonstrated long axial lengths of 27.88 mm (RE), 29.31 mm (LE) 

and refractive errors of +10.50/-1.00 x10 (RE), and +10.00/-2.00 x15 (LE). At the 

age of 29 years, Snellen visual acuity was 6/36 in both eyes. Fundus examinations 

and electroretinogram were normal in both siblings and there was no evidence of 

anterior segment dysgeneses or glaucoma.  

 

Both parents were examined. Their mother (I:2) had subtle lamellar lens opacities at 

the age of 61 years. However, this could be age-related. Their deceased father (I:1) 

was unilaterally aphakic (trauma-related), the other lens was clear. Due to the 

presence of two affected males born to unrelated healthy parents in this family, X-

linked inheritance was initially queried (Figure 6.9). This family was referred by 

Professor Anthony Moore, Moorfields Eye Hospital, London, United Kingdom. 
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Figure 6.9 Pedigree of Family MH. Shaded squares, affected males; clear squares 

and circles, unaffected individuals. Arrowhead indicates proband. CC in this family 

is consistent with X-linked inheritance.  

 

6.2.1.1.2 Family AW 
 
Family AW consisted of an affected male (II:1), now 13 years old (Figure 6.10). He 

was diagnosed with total lens opacity and esotropia in the left eye and sutural 

cataract in the right eye at the age of 11 months. At the age of 12 months, the 

sutural cataract in the right eye progressed to a total opacity. He was also found to 

have lenticonus described as a conical projection of the anterior or posterior surface 

of the lens, occurring as a developmental anomaly. His mother (I:2) was diagnosed 

with posterior capsular and sutural cataracts. Both the proband and his mother did 

not have any dental anomalies or facial dysmorphism. The mild cataract 

presentation in the mother suggested X-linked inheritance (Figure 6.10). This family 

was recruited by Ms Isabelle Russel-Eggitt, Great Ormond Street Hospital, London, 

United Kingdom.  

 

 
 

Figure 6.10 Pedigree of Family AW. Shaded square, affected male; clear squares 

and circles, unaffected individuals. Arrowhead indicates proband.  
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6.2.1.2 Families diagnosed with Nance-Horan syndrome 

6.2.1.2.1 Family AH 
Family AH consisted of an affected male (II:1), now 23 years old, born to unrelated 

parents (Figure 6.11A). He was diagnosed with bilateral CC and microphthalmia at 

the age of 1 month and surgery was performed for both eyes at the age of 2 months. 

At the age of 3 years, the proband developed secondary glaucoma in both eyes and 

has been on treatment. He was also found to have dental anomalies: hyperplastic 

frenulum mediale, broad diastema mediale, screwdriver-shaped incisors in the 

upper jaw, hypoplastic enamel, supernumerary teeth in the upper jaw and agenesis 

of two premolars on the right side (Figure 6.11B-C), and facial dysmorphism, 

including large protruding ears, a prominent nose, and short palpebral fissures. His 

clinical features were consistent with a diagnosis of NHS. The proband’s mother 

(I:2) did not have cataract, however she was found to have broad diastema mediale. 

This family was referred by Dr Teresia Wangensteen from Ulleval University 

Hospital Norway. 

  
 

 
Figure 6.11 Pedigree of Family AH and dental images. (A) Shaded square, 

affected male; dotted circle, carrier female; clear squares, unaffected males. 
Arrowhead indicates proband. (B) Image showing proband (II:1) with screwdriver-

shaped incisors and diastema (C) X-ray of proband showing hypoplastic enamel. 
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6.2.1.2.2 Family JF 
Family JF was referred by Dr Roziana Ariffin, Pathology Department, General 

Hospital of Kuala Lumpur, Malaysia. This family consisted of an affected male (II:1)  

of Chinese ethnicity, now 12 years old. His mother (I:2) and sister (II:2) were 

believed to be carriers due to the presentation of milder symptoms (Figure 6.12). At 

the age of 3 years, the proband was diagnosed with bilateral CC, which required 

surgery. He had abnormal dysplastic teeth and facial dysmorphism described as 

long face, tall nasal bridge and small cupped ears. He was noted to have 

macrocephaly and short stature, which could be a familial trait as both parents had 

short stature. In addition, hypospadias was also present. His hearing was normal. 

He was seen for otitis media, which did not cause long term problems. Examination 

of the neck, renal tract, and digits appeared normal. His mother presented with 

bilateral mild cataract with unilateral microcornea, abnormal teeth, short stature and 

facial dysmorphism similar to the proband (long face and tall nasal bridge). His 

sister also had mild cataract and short stature. His clinical symptoms and the milder 

presentation of the features in the carrier females in this family were consistent with 

a diagnosis of NHS.  

 

 
 

Figure 6.12 Pedigree of Family JF. Shaded square, affected male; dotted circle, 

carrier female; clear square, unaffected male. Arrowhead indicates proband. ?= 

DNA sample was not available for testing. Milder presentation of the features in the 

carrier females this family suggests an X-linked transmission of the condition. 

 

6.2.1.2.3 Family PT 
In Family PT, the proband (II:1), now age 33 years, was diagnosed with NHS 

(Figure 6.13A). He had bilateral CC and surgery was performed for both eyes soon 

after birth. The type of cataract in the proband is unknown. He also had microcornea 

(Figure 6.13B) and very mild dental anomalies (resembling screwdriver-shaped 

teeth; Figure 6.13D). At the age of 8 years, he developed secondary glaucoma and 
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underwent cyclocryotherapy for the left eye. He has been on anti-glaucoma 

treatment since then. At the age of 31 years, he underwent left eye corneal grafting 

for bullous keratopathy (Figure 6.13B), however, his vision did not improve. He had 

epithelium healing problems. His mother (I:2) had bilateral Y-sutural cataract (Figure 

6.13C). Her teeth appeared normal and she had no facial dysmorphism (Figure 

6.13D).  This family was recruited by Dr Petra Liskova, Institute of Inherited 

Metabolic Diseases and First Faculty of Medicine, Charles University in Prague and 

General University Hospital in Prague, Czech Republic. 

 

 
Figure 6.13 Pedigree of Family PT and images of proband and his mother. (A) 
Shaded square, affected male; dotted circle, carrier female; clear square, unaffected 

male. Arrowhead indicates proband. (B) Eye images of proband (II:1) showing 

microcornea (corneal horizontal white to white measured <10 mm) in the right eye  

(RE). Extracapsular extraction surgery had been performed for both eyes at age of 

1 year. Corneal grafting had also been performed in the left eye (LE) due to bullous 
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keratopathy. (C) Eye images   of   the   proband’s mother presenting with Y-sutural 

cataract in both eyes (white arrow). (D) Proband showing incisors with very mild 

dental anomalies resembling a screwdriver-shape. No apparent facial dysmorphism 

in the proband or his mother. 

 

The clinical features of all affected males and carrier females from CC and NHS 

families recruited to this study are described in Table 6.3. All of the affected males 

displayed congenital bilateral CCs. In Family MH, intrafamilial variability was 

observed. The older sibling had bilateral lamellar cataract, whereas his younger 

brother was found to have bilateral nuclear cataract. In the affected males from 

three families diagnosed with NHS, cataract surgery was performed soon after b irth. 

In the carrier females, cataract was absent or mild, such as Y-sutural form, with or 

without dental anomalies and facial dysmorphism. No other extraocular phenotypes 

were described for these families (Table 6.3).  
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Table 6.3 Clinical features of families diagnosed with CC or NHS  
 
 

Family MH Family AW Family AH Family JF Family PT 
II:2 II:3 II:2 I:2 (mother) II:1 I:2 (mother) II:1 II:2 (sister) I:2 (mother) II:1 I:2 (mother) 

Age (years) 40 39 13 NA 23 NA 12 NA NA 33 NA 

Cataract 
(type) 

+  (bilateral  
lamellar) 

+ (bilateral 
nuclear) 

+ (total 
cataract LE, 

sutural 
cataract 

progressed 
to total 

cataract RE) 

+ (posterior 
capsular 

and Y-
sutural) 

+ (bilateral; 
presumably 

nuclear) 
- 

+ (bilateral; 
presumably 

nuclear) 

+ (bilateral; 
mild 

cataract) 

+ (bilateral; 
mild 

cataract) 

+ (bilateral; 
presumabl
y nuclear) 

+ (bilateral 
Y-sutural) 

Microcornea - - - - + (bilateral) - - - + (unilateral) + (bilateral) - 
Dental 
anomalies - - - - + + + - + + - 

Facial 
dysmorphis
m 

- - - - + - + - + - - 

Other  Pendular 
nystagmus 

Pendular 
nystagmus 

Esotropia 
and 

lenticonus 
- 

Secondary 
glaucoma 

(BE) 
- 

Short 
stature 

(could be 
familiar), 

macrocepha
ly, 

hypospadia
s 

Short 
stature Short stature Secondary 

glaucoma - 

Diagnosis CC CC CC Carrier CC NHS Carrier 
NHS NHS Carrier NHS Carrier NHS NHS Carrier NHS 

The following abbreviations are used:  NA, not available; CC, congenital cataract; NHS, Nance-Horan syndrome; BE, both eyes; LE, left eye; RE, right eye. (+) denotes 
the presence of a feature, whereas (-) indicates that the phenotype is absent. 
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6.2.2 NHS screening in CXN and NHS families 
Nance-Horan syndrome (NHS; MIM: 302350) and X-linked congenital cataract 

(CXN; MIM: 302200) have been described as allelic conditions caused by loss-of-

function (LOF) mutations in the NHS gene (Nance-Horan syndrome; MIM: 300457), 

or aberrant transcription, respectively (Coccia et al. 2009). Thus, PCR amplification 

and Sanger sequencing of all ten NHS coding exons and intron-exon boundaries 

was performed for the probands (NHS primers and their cycling conditions are listed 

in Appendix A). Segregation was performed for family members (where available) 

by PCR amplification and Sanger sequencing of the exon carrying the mutation.  

 
In Family PT, screening of the NHS gene identified a novel hemizygous nonsense 

mutation in exon 1, c.523C>T, p.(Gln175*) in the proband (II:1). Segregation 

analysis confirmed that his mother (I:2) is a carrier for the mutation (Figure 6.14B). 

This mutation is absent in the NHLBI EVS (National Heart, Lung, and Blood Institute 

Exome Sequencing Project Exome Variant Server), and the ExAC (Exome 

Aggregation Consortium) databases, supporting the pathogenicity of this mutation. 

Furthermore, this NHS nonsense mutation is consistent with previous findings, since 

all mutations identified in NHS patients to date are null mutations (Coccia et al. 
2009). This confirmed that the nonsense mutation in the NHS gene, p.(Gln175*) is 

causative of the NHS phenotype in Family PT. All NHS mutations identified to date 

are illustrated in Figure 6.15. 

 

Screening of all NHS coding exons and intron-exon boundaries did not identify any 

mutations in the CC Families MH, and AW, or Families AH and JF diagnosed with 

NHS, although upstream or intronic mutations, deletions or genomic re-

arrangements could not be excluded. It was also possible that there may be a new 

genetic cause(s) for CXN and/or NHS. Thus, whole exome sequencing (WES) was 

performed for the probands from these families.  

 

 
 



 Chapter 6 
 

280 | P a g e  
 

 

 

 
Figure 6.14 Identification of a nonsense mutation in the NHS gene in Family 
PT. (A) Pedigree of NHS Family PT with an affected male (II:1) and carrier mother 

(I:2). (B) Sequence electropherograms show a hemizygous nonsense mutation in 

NHS, c.523C>T, p.(Gln175*) in the proband. His mother is a heterozygous carrier 

for   the  mutation.  Control  sequence   is  shown  above   the  proband’s  sequence. The 

numbering of cDNA and amino acid sequence is in accordance with human NHS 

Ensembl transcript ID ENST00000380060. 
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Figure 6.15 Summary of NHS mutations reported to date. (A-C) Schematic of NHS protein and gene structure. Isoform NHS-1A (1652 aa) 

is shown. (D) All NHS null mutations previously reported in NHS families are shown (Burdon et al. 2003; Brooks et al. 2004; Florijn et al. 2006; 

Sharma et al. 2008; Coccia et al. 2009; Liao et al. 2011; Sun et al. 2014). The NHS mutation identified in Family PT is indicated by the red box. 
(E) Schematic showing genomic position of NHS and neighbouring genes. Arrowheads indicate gene orientation. (F) Copy number variants 

(CNVs) previously identified in NHS and CXN families. (i-ii) CNVs reported in NHS families: (i) a ~0.9 Mb microdeletion disrupting REPS2, NHS, 
SCML1, and RAI2 (Liao et al. 2011), and (ii) a ~0.9 Mb deletion encompassing NHS exon 2- 8, SCML1, RAI2 and BEND2. (iii-iv) CNVs 

reported in CXN families: (iii) a ~4.8 kb deletion in NHS intron 1, and (iv) a complex duplication/triplication involving NHS (Coccia et al. 2009). 
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6.2.3 Whole exome sequencing of NHS-mutation negative probands  
Different exome-targeted capture kits were used for these probands, depending on 

their availability when WES was performed. The exome-targeted capture kit used 

for each proband is described in section 2.2.1.6.2 (Table 2.7).  The WES 

methodology including WES alignment, assembly, variant annotation and filtering 

are described in section 2.2.1.6. Based on the hypothesis that CC is rare, variants 

with a minor allele frequency (MAF)>0.005 in the 1000 Genomes Project, the 

National Heart, Lung, and Blood Institute (NHLBI) Exome Sequencing Project 

Exome Variant Server (EVS), Exome Aggregation Consortium (ExAC) database, 

and internal University College London (UCL) exomes consortium database, (UCL-

ex) comprising of 1980 exomes, were filtered. Due to the presumed X-linked 

inheritance of the condition in these families, X-linked rare variants were prioritised 

for further interrogation. The rare variant datasets were also cross-referenced with a 

known cataract gene list (section 2.2.1.6.4; Appendix B). WES data was also 

analysed by ExomeDepth (Plagnol et al. 2012) to identify any potential causative 

exonic copy number variations (CNVs). Segregation analysis was performed for 

family members (where available) by PCR amplification and Sanger sequencing of 

the exon carrying the mutation. All primers and their cycling conditions are listed in 

Appendix A. 
 

6.2.3.1 Identification of a mutation in GCNT2 causing recesssive CC in 
Family MH 

Analysis of the WES data of proband MH (individual II:3) did not reveal any potential 

rare variants on the X-chromosome. Interestingly, cross-referencing this rare variant 

dataset with a known cataract gene list (Appendix B) identified a unique 

homozygous 4 bp deletion in an autosomal recessive cataract gene, GCNT2 

(glucosaminyl N-acetyl transferase 2, i-branching enzyme; MIM: 600429), 

c.1163_1166delATCA, which is predicted to cause a frameshift, p.(Asn388Argfs*20) 

(Figure 6.16B). GCNT2 is located on chr6p24.3 and mutations in this gene have 

been associated with an adult i blood phenotype with or without cataract (MIM: 

110800 and 116700) (Yu et al. 2001, 2003; Inaba et al. 2003; Pras et al. 2004; 

Wussuki-Lior et al. 2011; Borck et al. 2012). This mutation is absent in the 1000 

Genomes Project, the NHLBI EVS, the ExAC, and internal UCL-ex databases. 

Segregation analyses by direct sequencing of GCNT2 exon 3 (primer pair is listed in 

Appendix A) confirmed that both affected siblings (II:2 and II:3) are homozygous for 

the frameshift mutation, whereas their mother (I:2) and two female children of 
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affected male II:2 (III:1 and III:2), are heterozygous carriers (Figure 6.16C). A DNA 

sample for the father was not available. CNV analysis of the WES data did not 

identify any potential exonic CNVs in any other genes associated with CC.  

 

GCNT2 encodes I-branching enzyme,   β-1,6-N-acetylglucosaminyltransferase 2, 

which plays a role in the conversion of i to I antigens expressed in human red blood 

cells (RBCs). The process takes place during the first 18 months after birth. Thus, 

although i antigens are predominant in foetal RBCs, adult RBCs express mainly I 

antigens with a very low level of i antigens (Marsh 1961; Marsh et al. 1971). 

However, if this enzyme is absent, an adult presents with a rare i blood phenotype 

(Fukuda et al. 1979;;  Kościelak  et al. 1979). 

 

GCNT2 consists of five coding exons, which are alternatively transcribed into three 

isoforms, GCNT2-A, GCNT2-B, and GCNT2-C. These isoforms are transcribed from 
alternative exon 1 (Inaba et al. 2003; Yu et al. 2003) (Figure 6.17). These isoforms 

also show differential tissue expression; only isoform GCNT2-B was expressed in 

lens epithelial cells, whereas in reticulocytes only isoform GCNT2-C was detected. 

This has been proposed as a potential mechanism for the absence of CC in some 

patients with an adult i blood group (Yu et al. 2003).  

 

The frameshift mutation identified in Family MH is positioned within GCNT2 exon 3, 

which is shared by all three GCNT2 isoforms (Figure 6.17), therefore it is predicted 

to affect all three isoforms. Thus, I hypothesised that this frameshift mutation may 

result in a rare adult i phenotype in addition to CC in the affected siblings. A 

collaboration was established with International Blood Group Reference Laboratory 

(IBGRL) Red Cell Reference Laboratory, NHS Blood and Transplant, Bristol (UK) to 

perform I/i blood group typing (section 2.2.5), which revealed a rare adult i blood 

phenotype in both affected male siblings, confirming the association of the 

homozygous GCNT2 frameshift mutation p.(Asn388Argfs*20) with CC and the rare 

adult i blood group in this family.   
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Figure 6.16 Recessive GCNT2 mutation in congenital cataract Family MH. (A) 
Pedigree of Family MH with two affected male siblings (II:2 and II:3). (B) Exome 

sequence alignments of control (top panel) and the proband WES data (bottom 

panel) viewed using Integrative Genomics Viewer (IGV) shows a homozygous 4 bp 

deletion in exon 3 of the GCNT2 gene in the proband (indicated by dashed box). 

Nucleotide sequences and corresponding amino acid residues are shown below the 
exome data tracks (C) Sequence electropherograms showing a homozygous 4 bp 

deletion in GCNT2, c.1163_1166delATCA, p.(Asn388Argfs*20) in the proband (II:3) 

and his affected brother (II:2). Their mother (I:2) and the children of II:2 (III:1 and 

III:2) are carriers for the mutation. GCNT2 cDNA is numbered in accordance with 

Ensembl transcript ID ENST00000316170. 
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Figure 6.17 GCNT2 gene structure and position of mutation identified in 
Family MH. (A) Schematic of GCNT2 showing five coding exons, with three 

alternatively transcribed exon 1 (1A, 1B and 1C). The unique homozygous 

frameshift mutation identified in this study, p.(Asn388Argfs*20) is positioned in exon 

3. (B) Schematic of three GCNT2 isoforms designated GCNT2-A, -B, and -C result 

from alternative use of exon 1, but identical exon 2 and 3. The size of protein 

encoded by each isoform is shown. 

 

6.2.3.2 Unresolved genetic cause in Family AW 
In Family AW, due to the presentation of total CC in the male proband and mild 

cataract in his mother, the transmission of CC was presumed to be X-linked. Thus, 

X-linked rare variants were prioritised for further interrogation. Three rare missense 

X-linked variants were found in his WES data; DMD c.554G>C, p.(Ser185Thr), 

ATP1B4 c.137C>T, p.(Thr46Met), and HCFC1 c.3794C>T, p.(Ser1265Leu). 

However, the variants in ATP1B4 and HCFC1 are present at a hemizygous 

frequency of 123/40,000 and 21/40,000, respectively, in the ExAC database, 

suggesting that they are unlikely to cause CC. The missense variant in DMD 
(dystrophin; MIM: 300377), c.554G>C, p.(Ser185Thr) is absent in the 1000 

Genomes Project, the NHLBI EVS, UCL-ex, and the ExAC databases. In silico 
amino acid prediction tools did not consistently agree with the pathogenicity of this 

variant (Table 6.4). DMD is a large gene spanning 2.24 Mb. DMD consists of 79 

exons, which are alternatively spliced into at least ten isoforms. The short isoforms 

are lacking the first 23 coding exons. The missense variant identified in the proband 

is positioned in exon 7 of DMD so it is predicted to affect only the full length DMD 

isoform (encoding a protein of 470 kDa). Mutations in DMD are associated with X-

linked Duchenne muscular dystrophy (MIM: 310200), cardiomyopathy (MIM: 

302045), and Becker muscular dystrophy (MIM: 300376). The proband did not 

exhibit any skeletal, muscular or cardiac anomalies. Therefore, this variant is 
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unlikely to be causative of his phenotype. However, it cannot be excluded that he 

may develop this condition later in life. 

 

Although CC is a clinical feature in a similar muscular dystrophy condition, myotonic 

dystrophy 1 (MIM: 160900), which is caused by CTG tandem repeat expansion in 

DMPK (dystrophia myotonica protein kinase; MIM: 605377) on chr19q13, CC has 

not been described in patients with DMD mutations. However, interestingly, the X-

linked muscular dystrophy (mdx) mouse lacking full-length 427-kDa DMD was found 

to exhibit congenital nuclear cataract, which developed into anterior subcapsular 

cataracts, in addition to muscular defects (Kurihara et al. 1990). This finding is 

consistent with another study where Dp71, a smaller DMD product lacking the first 

23 exons, was found to be the main isoform expressed in the lens (Fort et al. 2014). 

In the Dp71-knockout mice, progressive disorganisation of the lens fibres was 

observed, resulting in progressive cataracts in the mutant mice, which suggests a 

role for DMD in organising the crystalline lens (Fort et al. 2014). Although this 

variant appeared compelling, it is unknown whether this variant is associated with 

the cataract phenotype. 

 

Next, the exome coverage of a total of 23 X-linked genes was investigated. 

Mutations in these X-linked genes have been associated with a cataract phenotype 

(Table 6.5). However, this did not identify any potential variants. The coding exons 

of most of these genes were fully covered in the WES data. For genes that were not 

fully covered, such as ABCD1, ATP7A, COL4A6, COL4A5, and IKBKG, mutations in 

these genes cause a very different phenotype compared to the isolated CC 

observed in the proband, suggesting that they are unlikely to be the genetic cause. 

Thus, these findings suggest that variants in known X-linked cataract genes are 

unlikely to be the cause.  

 

On  the  basis  of  the  presentation  of  cataract  in  the  proband’s  mother,  an  autosomal  

dominant mode for the condition was considered. The WES data was therefore 

analysed for potential heterozygous variants. After cross-referencing with the 

cataract gene list generated for this study (section 2.2.1.6.4; Appendix B), only a 

heterozygous splice site variant, c.899+1G>A was identified in the RAB3GAP1 gene 

(RAB3 GTPase-activating protein; MIM: 602536). However, mutations in 

RAB3GAP1 cause autosomal recessive Warburg micro syndrome (WARBM1; MIM: 

600118), which is a syndromic condition characterised by CC, microphthalmia, 

microcornea, microcephaly, optic atrophy, cortical dysplasia, corpus callosum 
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hypoplasia, ID, and spastic diplegia (Handley et al. 2013). Considering the 

syndromic features and recessive inheritance of WARBM1, this variant is unlikely to 

be cause. His WES data was also analysed by ExomeDepth (Plagnol et al. 2012) to 

identify any potential causative exonic copy number variations (CNVs). However, no 

potential CNVs were identified. Thus, in this family the genetic cause of CC remains 

unresolved.  
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Table 6.4 In silico analysis of DMD missense variant  

 

Nucleotide 
change Protein change 

Polyphen 2 
(human 

variation 
score 0-1) 

SIFT 
(tolerance 
index 0-1) 

PhyloP 
UCL-ex 

(individu
als) 

1000 
Genomes 

NHLBI 
EVS Total 

Alleles 

ExAC Total Alleles 

Heterozygote Hemi/Homozy
gote 

Exon 7 c.554G>C p.(Ser185Thr) B (0.007) Tolerated 
(0.68) 

Conserved 
(0.998) 0/1980 0 0/13,006 0/87,158 0/87,158 

 
Abbreviations are as follow:  UCL-ex, University College London (UCL) exomes consortium; NHLBI EVS, National Heart, Lung, and Blood Institute (NHLBI) 
Exome Sequencing Project Exome Variant Server (EVS); ExAC, Exome Aggregation Consortium. Polyphen 2 appraises mutations quant itatively as benign (B),  
possibly   damaging   or   probably   damaging   based   on   the  model’s   false   positive   ratio.   SIFT   results   are   reported   to   be   tolerant   if  tolerance   index   is   ≥0.05   or  
intolerant i f tolerance index is <0.05. PhyloP prediction: Conserved if score >0.95, oth erwise non-conserved. The cDNA is numbered according to Ensembl 
transcript ID ENST00000357033.  
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Table 6.5 Exon coverage of WES data in all known X-linked cataract genes  

HUGO 
gene Associated phenotype(s) Exon(s) lacking 

WES coverage Remarks 

ABCD1 Contiguous ABCD1 DXS1357E 
deletion syndrome (CADDS) Exons 7-10 Excluded due to 

dissimilar phenotype  
AIC Aicardi syndrome Fully covered Excluded 
ARSE Chondrodysplasia punctate 1  Fully covered Excluded 

ATP7A 
Menkes disease, occipital horn 
syndrome, and spinal muscular 
atrophy  

Exons 1 and 17 Excluded due to 
dissimilar phenotype  

BCOR Syndromic microphthalmia 2 
(MCOPS2) Fully covered Excluded 

CDKL5 Epileptic encephalopathy Fully covered Excluded 
CLCN5 Dent disease Fully covered Excluded 

COL4A5 Alport syndrome (renal failure and 
sensorineural hearing loss). 

Exons 18, 20, and 
26 

Excluded due to 
dissimilar phenotype  

COL4A6 Diffuse leiomyomatosis with Alport 
syndrome 

Quite a few 
potentially 
unannotated 
exons 

Excluded due to 
dissimilar phenotype  

DMD 
Becker muscular dystrophy, dilated 
cardiomyopathy, Duchenne muscular 
dystrophy 

Fully covered Excluded 

EBP Chondrodysplasia punctata-2  Fully covered Excluded 
FLNA Otopalatodigital syndrome Fully covered Excluded 

G6PD Haemolytic anaemia due 
to G6PD deficiency Fully covered Excluded 

GLA Fabry disease Fully covered Excluded 

HCCS Syndromic microphthalmia-7 
(MCOPS7) Fully covered Excluded 

IKBKG Ectodermal dysplasia, hypohidrotic, 
with immune deficiency. Exons 3-10 Excluded due to 

dissimilar phenotype  
LAMP2 Danon disease  Exon 2 Excluded 
NDP Norrie disease Fully covered Excluded 
NHS Nance-Horan syndrome Exon 1 Excluded 

OCRL Oculocerebrorenal syndrome of Lowe, 
Dent disease Fully covered Excluded 

PORCN Focal dermal hypoplasia  Fully covered Excluded 
PQBP1 Renpenning syndrome Fully covered Excluded 
RP2 Retinitis pigmentosa-2 Fully covered Excluded 
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6.2.3.3 Unresolved genetic cause for two families diagnosed with 
Nance-Horan syndrome 

In Families AH and JF, their clinical features were consistent with a diagnosis of 

Nance-Horan syndrome (NHS). However, no mutation was identified in the NHS 

gene by direct sequencing. Although upstream or intronic mutations, deletions or 

genomic re-arrangements could not be excluded, it was also possible that another 

gene might be implicated. Thus, WES was performed for the probands from these 

families. 

 

First, due to the similar phenotypes presenting in these families, I hypothesised that 

their condition could be caused by mutations in the same gene. Therefore, the rare 

variant  datasets  (MAF≤0.005)  were  filtered  for  variants in gene(s) shared by these 

probands. However, this did not identify any variants in shared genes. Thus, the 

subsequent WES data analyses were performed independently for these two 

probands.  

 

For proband AH, six rare variants were identified in X-linked genes. However, all of 

these variants are found in a hemizygous or homozygous state in the control 

population in the NHLBI EVS or ExAC databases, therefore they are unlikely to be 

causative of his NHS phenotypes (Table 6.6). CNV analysis using ExomeDepth 

(Plagnol et al. 2012) did not identify any potential causative exonic CNVs on 

autosomes or the X chromosome. Next, the exome coverage of 23 X-linked genes 

associated with cataract phenotype was investigated (as previously described in 

section 6.2.3.2). As the same exome-targeted capture kit, Agilent V5 was used for 

this proband and proband AW, the resulting WES coverage and missing WES gaps 

were similar (section 6.2.3.2; Table 6.5). This investigation did not reveal any 

potential variants as most of the genes were fully covered. For those which were not 

fully covered, the genes are associated with phenotypes that differed significantly 

from the isolated CC in the proband. Thus, it was unlikely that variants within known 

X-linked cataract genes caused his condition.  
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    Table 6.6 Rare X-linked variants identified in proband from Family AH 

 

HUGO 
gene 

Nucleotid
e change 

Protein 
change 

Polyphen 2 
(human 

variation 
score 0-1) 

SIFT 
(tolerance 
index 0-1) 

UCL-ex 
(individu

als) 
1000 

Genomes 
NHLBI 

EVS Total 
Alleles 

ExAC Total Alleles 

Het. Hemi./Homo. 

AKAP4 C.773C>T p.(A258V) 0.001 (B) 0.94 (T) 0/1980 0 1/13,006 15/87,560 5/87,560 

ACRC c.2057G>A p.(R686H) 0.002 (B) 0.11 (T) 0/1980 0 1/13,006 20/87,445 5/87,445 

DACH2 c.744G>C p.(E402D) 0.0078 (B) 0.25 (T) 0/1980 0 3/13,006 105/81,324 38/81,324 

COL4A6 c.389C>T p.(P1297S) 0.999 (PBD) 0.13 (T) 0/1980 0 0/13,006 13/86,090 5/86,090 

ZNF275 c.1298G>A p.(R433Q) 0.13 (B) 0 (D) 0/1980 0 0/13,006 3/27,998 1/27,998 

PNCK c.94T>C p.(W32R) NA 0.48 (T) 0/1980 0 0/13,006 5/60,844 2/60,844 
 
The following abbreviations are used: Het, heterozygote; Hemi, hemizygote; homo, homozygote; NA, not available;  UCL-ex, University College 
London (UCL) exomes consortium; NHLBI EVS, National Heart, Lung, and Blood Institute (NHLBI) Exome Sequencing Project Exome V ariant 
Server (EVS); ExAC, Exome Aggregation Consortium. Polyphen 2 appraises mutations quantitatively as benign (B), possibly damaging or 
probably damaging (PBD) based  on   the  model’s   false  positive   ratio.  SIFT   results  are  reported   to  be   tolerant  (T) if   tolerance   index   is  ≥0.05  or  
intolerant (D) if tolerance index is <0.05.  
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Since dental anomalies   were   also   observed   in   the   proband’s   mother,   the   next 

filtering step considered an autosomal dominant transmission for the condition. 

Therefore, unique heterozygous variants that were absent in the 1000 Genomes 

Project, NHLBI EVS, ExAC, and UCL-ex databases were selected for further 

interrogation. This step identified a total of 46 unique heterozygous variants in 

proband AH, including 43 missense variants and 3 splice site variants. However, 

none of these variants are in genes that have been previously associated with 

cataract. Therefore, the potential pathogenicity of these variants remains unclear. 

 

A similar approach was performed for Family JF. Investigation of rare X-linked 

variants did not reveal any potential variants, and CNVs analysis by ExomeDepth 

did not identify any potential causative exonic CNVs on autosomes or the X-

chromosome.  

 

The next filtering step cross-referenced the rare variant dataset in Family JF with 

the cataract gene list (section 2.2.1.6.4; Appendix B). This step revealed three rare 

heterozygous missense variants: EYA1 [c.585A>G, p.(I195M)], EVC2 [c.3643C>T, 

p.(R1215C)], and CRYGC [c.304A>G, p.(M102V)]. In silico analysis revealed that 

the variants in EYA1, EVC2, and CRYGC are present at a heterozygous frequency 

of 7/121,076, 10/121,402, and 1/121,126, respectively, in the ExAC database (Table 

6.7). The low frequency of the CRYGC variant suggests that it could be the cause of 

his condition and the only control individual listed in the ExAC database may 

represent an asymptomatic cataract case. Subsequent segregation analysis 

revealed that his affected mother (I:2) is also heterozygous for the CRYGC variant, 

c.304A>G, p.(Met102Val), supporting the segregation of the variant with CC in the 

family (Figure 6.18B). The variant is positioned within the beta gamma crystallin 

domain (Figure 6.18C) and multiple sequence alignment analyses by ClustalW 

(section 2.2.2.3) confirmed that the mutated methionine residue is evolutionarily 

conserved across different species (Figure 6.18D).  

 

Mutations in CRYGC (crystalline, gamma-C; MIM: 123680) have been reported to 

cause different types of autosomal dominant CC (MIM: 604307), which were mainly 

nuclear cataracts. Missense mutations p.(G129C) (Li et al. 2012), p.(T5P) 

(Coppock-like cataract, also known as embryonic nuclear cataract; see section 

1.3.2) (Héon et al. 1999), and nonsense mutations p.(C109*) (Yao et al. 2008), and 

p.(W157*) in two families with nuclear cataract and microcornea (Zhang et al. 2009; 

Guo et al. 2012), have been described. In addition, a 5 bp duplication mutation in 
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CRYGC was found in a CC family with intrafamilial variable expressivity ranging 

from zonular pulverulent CC to nuclear cataract (Ren et al. 2000). This is consistent 

with the variable cataracts observed in Family JF (section 6.2.1.2.2). Thus, although 

bioinformatic tools SIFT, PolyPhen-2, and PhyloP predicted the CRYGC variant 

identified in Family JF as benign (Table 6.7), the association of this variant with CC 

in this family is compelling. If  his  affected  sister’s  DNA  sample  could  be  collected,  

further segregation analysis could be performed. 

 

 
Figure 6.18 Identification of a heterozygous CRYGC variant. (A) Revised 

pedigree of Family JF. Shaded square and circle indicate clinically affected 
individuals. DNA sample from his sister (II:2) was not available for testing. (B) 
Sequence electropherograms show heterozygous missense variant in CRYGC, 

c.304A>G; p.(Met102Val) in the proband and his affected mother. (C) Schematic of 

CRYGC protein structure and position of variant identified in the proband 

(highlighted in red) within the beta gamma crystalline domain. Previously reported 

cataract-associated CRYGC mutations are shown. (D) Multiple sequence alignment 

of CRYGC orthologues show that the methionine residue is evolutionarily conserved 

across species. 
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In addition to the compelling variant identified in the CRYGC gene, a total of 78 

unique heterozygous variants were identified in proband JF, including 3 frameshift, 

1 non-frameshift, 9 splice site, 3 nonsense, and 62 missense variants; however, 

none of these other genes have been associated with cataract. Thus, the 

pathogenicity of these variants remains unclear.  

 

WES analysis of the proband from NHS Families AH and JF excluded mutations in 

all known X-linked cataract-associated  genes.  Analysis  of  the  probands’  rare  variant  
datasets did not identify variants in shared genes. CNV analysis by ExomeDepth did 

not reveal any potential CNVs, although investigation of CNVs using WES data 

would not detect intronic CNVs. A total of 46 unique heterozygous variants were 

identified in the WES data of proband AH. It is likely that one or few of the variants 

may contribute or causative of the phenotypes in Family AH. However, considering 

the similarity between the phenotypes presented in this family and typical NHS 

patients with a mutation in the NHS gene, it is likely that his phenotypes are caused 

by a mutation in the non-coding region or unannotated exons of NHS, which could 

not be detected by direct sequencing and WES. Investigation of the RNA-

sequencing (RNA-Seq) data from the Human BodyMap 2.0 project did not detect 

any potential unannotated exons in the NHS gene. Unfortunately, there is no 

publicly-available RNA-Seq data from lens tissue, which could reveal NHS isoforms 

important in the pathogenesis of NHS, or isoforms of other candidate genes 

expressed in lens. Thus, the genetic cause(s) of the NHS phenotype in Family AH 

remains unresolved.  

 

For Family JF, a compelling rare heterozygous variant was identified in CRYGC. 
Mutations in CRYGC are known to cause variable CCs (mainly nuclear) with or 

without microcornea. Future study is required to confirm the segregation of this 

variant in the family. However, the association of NHS-like phenotypes in this family 

with mutations in the non-coding region of NHS could not be ruled out.  
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    Table 6.7 Rare heterozygous variants identified in genes previously associated with cataract in proband JF 

 

HUGO 
gene 

Nucleotide 
change 

Protein 
change 

Polyphen 2 
(human 

variation 
score 0-1) 

SIFT 
(tolerance 
index 0-1) 

UCL-ex 
(individu

als) 
1000 

Genomes 
NHLBI 

EVS Total 
Alleles 

ExAC Total Alleles 

Het. Homo. 

EYA1 c.585A>G p.(I195M) B D 0/1980 0 0/13,006 7/121,076 0/121,076 

EVC2 c.3643C>T p.(R1215C) B D 0/1980 0 0/13,006 10/121,402 0/121,412 

CRYGC c.304A>G p.(M102V) B T 0/1980 0 0/13,006 1/121,126 0/121,126 
 
The following abbreviations are used: Het, heterozygote; homo, homozygote; NA, not available; UCL -ex, University College London (UCL) 
exomes consortium; NHLBI EVS, National Heart, Lung, and Blood Institute (NHLBI) Exome Sequencing Project Exome Variant Ser ver (EVS); 
ExAC, Exome Aggregation Consortium. Polyphen 2 appraises mutations quantitatively as benign (B), possibly damaging or probabl y damaging 
based  on  the  model’s  false  positive  ratio.  SIFT  results  are  reported  to  be  tolerant  (T)  if  tolerance  index  is  ≥0.05  or  intolerant  (D)  i f  tolerance  index  
is <0.05.  
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6.2.3.4 Verification of CCDC22 as a novel NHS interacting protein  
As CCDC22 was identified as a putative NHS interacting protein by a yeast two 

hybrid (Y2H) assay (see section 6.1.6), the NHS-CCDC22 interaction was verified 

using co-immunoprecipitation (co-IP) assays as described in section 2.2.3.4.   

 

The first experiment was performed to verify the NHS domain that interacts with 

CCDC22. The NHS WAVE homology domain (WHD) was used as a bait in the Y2H 

assay, which identified CCDC22 as a putative NHS interactor, suggesting that the 

NHS WHD is critical in mediating their interaction (see section 6.1.6). Therefore, co-

transfection of HA-tagged full length CCDC22 (1-627 aa) with Myc-tagged full length 

NHS-1A (1-1652 aa), Myc-tagged NHS N-terminal WAVE homology domain (WHD) 

(1-262 aa), or Myc-NHS C-terminal domain (492-1651 aa) was performed (Table 

2.3). Cell lysates were then immunoprecipitated using an anti-Myc antibody and 

immunoblotted with anti-Myc and anti-HA antibodies. A reciprocal experiment was 

also performed by immunoprecipitation using an anti-HA antibody and 

immunoblotting with both anti-Myc and anti-HA antibodies (Figure 6.19). Both full 

length NHS and NHS-WHD interacted with CCDC22, whereas the NHS C-terminal 

domain alone did not co-precipitate with CCDC22 in the assay. Therefore, these 

findings were consistent with the Y2H assay and confirmed that NHS interacts with 

CCDC22 via its N-terminal WHD domain (Figure 6.19).  

 

Next, I investigated which CCDC22 domain binds to the NHS-WHD. Both full length 

CCDC22 (1-627 aa) and the CCDC22 C-terminal coiled-coil (CC) domain (321-327 

aa) were HA-tagged, whereas CCDC22 N-terminal domain (1-320 aa) was GST-

tagged. Therefore, full length protein and the CC domain of CCDC22 were 

immunoprecipitated and immunoblotted using an anti-HA antibody, whereas a 

commercial rabbit anti-CCDC22 polyclonal antibody (Sigma HPA888; Table 2.2) 

was used to pull down and detect the CCDC22 N-terminal domain construct. The 

anti-CCDC22 antibody recognises CCDC22 amino acid residues 86-204. 

 

Ectopic co-expression of Myc-tagged NHS-WHD with HA-tagged full length 

CCDC22, GST-tagged CCDC22 N-terminal domain, or HA-tagged CCDC22 C-

terminal CC domain was performed. Cell lysates were immunoprecipitated using an 

anti-HA antibody (to pull down full length CCDC22 and CCDC22 CC domain) or 

anti-CCDC22 antibody (to pull down CCDC22 N-terminal domain) and 

immunoblotted with anti-HA, anti-CCDC22 and anti-Myc antibodies. A reciprocal 
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experiment was also performed by immunoprecipitation using an anti-Myc antibody 

and immunoblotting with anti-Myc, anti-HA and anti-CCDC22 antibodies (Figure 

6.20). 

 

The co-IP results showed that full length CCDC22 and the CCDC22 C-terminal 

coiled-coil domain interacted with the NHS-WHD domain, whereas the CCDC22 N-

terminal domain did not co-precipitate. Thus, these findings confirmed that the 

interaction between CCDC22 and NHS is mediated by the N-terminal WAVE 

homology domain (WHD) of NHS and C-terminal coiled-coil (CC) domain of 

CCDC22 (Figure 6.20). 

 
 

 
Figure 6.19 Interaction of CCDC22 with full length NHS and the N-terminal 
NHS-WHD domain. Full length (FL) NHS-1A and NHS N-terminal WHD (NHS-

WHD) domain co-precipitated with CCDC22. Two protein bands were observed in 

the input for the FL-NHS, likely representing a C-terminally truncated/cleaved 

product as the protein is N-terminally tagged. The NHS C-terminal domain did not 

interact with CCDC22. The size of the proteins is indicated. The input was used as a 

transfection and loading control. FL, full length; IB, immunoblot; IP, 

immunoprecipitate. 
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Figure 6.20 Interaction of the NHS WAVE homology domain (WHD) with full 
length CCDC22 and the C-terminal CCDC22 coiled-coil (CC) domain. The NHS-

WHD co-precipitated with full length CCDC22 and the C-terminal CCDC22 CC 

domain. The CCDC22 N-terminal domain did not interact with NHS-WHD. The size 

of the proteins is indicated. The input was used as a transfection and loading control. 

FL, full length; IB, immunoblot; IP, immunoprecipitate; WHD, WAVE homology 

domain. 

 

6.2.3.5 Do CCDC22 missense mutations affect NHS binding? 
 
All of the CCDC22 patient mutations associated with disease, including T17A, T30A, 

R128Q, and R321W are positioned in the N-terminus, except for missense mutation 

Y557C, which is located in the C-terminal CC domain (Figure 6.8). Since the co-IP 

assays demonstrated that the interaction of NHS and CCDC22 is mediated by NHS 

N-terminal WHD domain and CCDC22 C-terminal CC domain, the next question 

was if the patient CCDC22 missense mutation in the CC domain, Y557C, could 

affect the interaction between NHS and CCDC22. HA-tagged wild type and mutant 

CCDC22 (T17A, T30A, R128Q, and R321W) constructs were a kind gift from 

Professor Ezra Burstein, USA. Direct sequencing of the constructs using 

sequencing primer pEF1 (vector primer, section 2.2.1.5) confirmed the identities of 

all the constructs. HA-tagged CCDC22 Y557C was generated by site-directed 

mutagenesis (SDM) using HA-tagged wild type CCDC22 as a template (Table 2.3; 

section 2.2.1.14). Direct sequencing using primer pEF1 and an internal primer 

CCDC22 11-17F (Appendix A), confirmed that the missense mutation was 

introduced by SDM in the construct (Figure 6.21). Co-IP assays were carried out as 

described in section 6.2.3.4. The effect of NHS patient mutations on the NHS-
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CCDC22 interaction could not be tested as all NHS mutations identified to date are 

null mutations.  

 

The results of the co-IP assays to investigate the effects of patient CCDC22 

missense mutations on the CCDC22-NHS interaction are shown in Figure 6.22. 

Assays were repeated in order to confirm the reproducibility of the result. The 

relative value (y-axis) corresponds to the NHS-CCDC22 interaction normalised to 

the interaction of wild type NHS-CCDC22. A representative of the western blot is 

shown in Figure 6.22. 

 

The co-IPs demonstrated that CCDC22 mutants T17A, R128Q, R321W, and Y557C 

did not affect the NHS-CCDC22 interaction, with interaction values of approximately 

0.9-1.1, normalised to NHS-wild type CCDC22 interaction. Interestingly, in both co-

IP repeats, CCDC22 mutant T30A consistently appeared to have reduced binding 

affinity to NHS, compared to wild type CCDC22. The relative value of binding affinity 

of CCDC22 T30A was approximately half that of CCDC22 wild type (Figure 6.22). 

Thus, these findings were contradictory to the hypothesis that C-terminal mutations 

in the CC domain would abolish or reduce the interaction with the NHS. The Y557C 

CCDC22 patient mutation in the C-terminal CC did not affect interaction with the 

NHS. Since T30A is not positioned in the CC domain, this finding suggests that 

T30A is likely to cause a conformation change in CCDC22, which in turn perturbs 

NHS binding. However, future studies will be required to confirm this hypothesis and 

further explore the interaction.  

 

 

 
Figure 6.21 Introduction of CCDC22 Y557C missense mutation by site directed 
mutagenesis. Sequence electropherogram shows the base substitution in the HA-

tagged CCDC22 Y557C construct, c.1670A>G, which was synthesised by SDM 

using HA-tagged wild type CCDC22 as a template. Reference sequence is shown 

above the mutant construct sequence.  

 
 



 Chapter 6  
 

300 | P a g e  
 

 

 
Figure 6.22 Reduced binding affinity of CCDC22 mutant T30A with the NHS-
WHD domain. Western blot images showing the co-immunoprecipitation (IP) results. 

CCDC22 mutants T17A, R128Q, R321W, and Y557C show similar binding affinity to 

NHS compared to the wild type (WT) CCDC22. CCDC22 T30A shows reduced 

binding affinity to NHS (approximately 0.4 relative to WT CCDC22-NHS). The input 

was used as a transfection and loading control. Co-IP intensity is normalised to the 

corresponding input. IP assays for R128Q and R321W were not repeated. The 

following abbreviations are used: FL, full length; IB, immunoblot; IP, 

immunoprecipitate; WT, wild type. Error bars are +/- standard deviation. 
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6.2.3.6 Cellular localisation of NHS and CCDC22 
 
In order to determine the subcellular localisation of NHS and CCDC22, HEK293 

cells were transfected with mCherry-NHS1A (1-1652 aa) or HA-tagged wild type 

CCDC22 (1-627 aa), followed by analysis using immunocytochemistry (ICC) 

(section 2.2.3.5). In HEK293 cells, both NHS and CCDC22 were found primarily in 

the cytoplasm (Figure 6.23A). This was consistent with previous findings showing 

expression of NHS-1A in the cytoplasm of HEK293 cells, either endogeneously, or 

ectopically (Sharma et al. 2006). Aggregates were occasionally observed in some 

cells transfected with CCDC22 but they are likely to be an experimental artefact due 

to overexpression of the CCDC22 protein (Figure 6.23A).  

 

Next, since the interaction of NHS and CCDC22 had been confirmed by the co-IP, 

the aim was to determine where CCDC22 and NHS co-localised in HEK293 cells. 

Cells were co-transfected with mCherry-NHS1A and HA-tagged CCDC22 and the 

results confirmed co-localisation of NHS and CCDC22 in the cytoplasm (Figure 

6.23B). As the CCDC22 mutant T30A had reduced binding affinity to NHS (Figure 

6.22), the subcellular localisation of this mutant was investigated. However, the 

results showed that the CCDC22 mutant T30A did not differ from wild type as it co-

localised with NHS in the cytoplasm (Figure 6.23B).  
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Figure 6.23 Co-localisation of NHS and CCDC22 in the cytoplasm. (A) HEK293 

cells were transfected with either mCherry-NHS-1A (1-1652 aa) or HA-tagged wild 

type CCDC22 (1-627 aa). Confocal images showing both NHS (red) and CCDC22 

(green) localised to the cytoplasm. Occasional aggregates observed with CCDC22 

transfection, likely to be experimental artefacts due to overexpression of CCDC22. 
(B) HEK293 cells were co-transfected with either HA-tagged wild type CCDC22 or 

HA-tagged CCDC22 T30A, and mCherry-NHS-1A. Images showing co-localisation 

of NHS (red) with wild type or mutant CCDC22 (green) in the cytoplasm. CCDC22 

T30A shows a similar subcellular distribution to wild type CCDC22. Scale bars 10 

μm. 
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6.3 DISCUSSION 
6.3.1 Identification of a GCNT2 mutation in a CC family 
A homozygous mutation in GCNT2 (glucosaminyl N-acetyl transferase 2, i-

branching enzyme; MIM: 600429), c.1163_1166delATCA, p.(Asn388Argfs*20) was 

identified in a non-consanguineous Caucasian congenital cataract (CC) family, 

which was initially presumed to be inherited as an X-linked condition. Subsequent I/i 

blood group typing confirmed a rare adult i phenotype in the affected male siblings 

from this family. 

 

The human blood group I and i antigens are carbohydrate structures on 

glycoproteins and glycolipids on the cell surface, which were first discovered on 

human red blood cells (RBCs) (Wiener et al. 1956). These antigens were 

subsequently identified in other tissues including reticulocytes and lens epithelium 

(Yu et al. 2003). The phenotype of I/i blood group is determined by the presence of I 

or i antigens. The expression of these antigens is developmentally regulated; i 

antigens are predominant in foetal RBCs, whereas adult human RBCs fully express 

I antigens with a very low level of i antigens. The i to I conversion is mediated by the 

expression  of  β-1,6-N-acetylglucosaminyltransferase 2 (encoded by GCNT2), which 

adds a GlcNAc-β-1-6 branch onto the poly-GlcNAc chains (Marsh 1961; Marsh et al. 
1971). Therefore, absence of this enzyme gives rise to the adult i phenotype, a rare 

autosomal recessive condition (Fukuda et al. 1979;;  Kościelak  et al. 1979). 

 

GCNT2 is alternatively spliced into three isoforms, GCNT2-A, GCNT2-B, and 

GCNT2-C, which share the same exons 2 and 3 but are transcribed from a different 

exon 1 (Inaba et al. 2003; Yu et al. 2003) (Figure 6.17). GCNT2-B isoform is only 

expressed in lens epithelial cells, whereas GCNT2-C isoform was found in 

reticulocytes (Yu et al. 2003). Thus, differential tissue expression of GCNT2 

isoforms has been proposed as a potential mechanism for the absence of CC in 

some families with rare i blood group. To date, a total of 11 families of differing 

ethnic origin have been identified with a recessive mutation in GCNT2. The 

phenotypes in all 11 families support the aforementioned hypothesis; mutations 

effecting exon 2 and 3 resulted in both adult i blood phenotype and CC, whereas 

mutations affecting exon 1C are predicted to affect only isoform GCNT2-C, 

therefore CC was absent (Table 6.8) (Yu et al. 2001, 2003; Inaba et al. 2003; Pras 

et al. 2004; Wussuki-Lior et al. 2011; Borck et al. 2012).  



 Chapter 6  
 

304 | P a g e  
 

The mutation identified in this study is located in exon 3, which is predicted to affect 

all three GCNT2 isoforms (Figure 6.17), thereby resulting in both a rare adult i blood 

group and CC in the affected males (Table 6.8). Thus, this finding further supports 

the hypothesis that differentially expressed GCNT2 isoforms account for the partial 

association of the adult i blood phenotype with CC. This study also describes the 

first report of a GCNT2 mutation in the Caucasian population, suggesting that 

GCNT2 mutations are associated with rare adult i phenotype and CC irrespective of 

ethnicity. Furthermore, this study demonstrates that CCs caused by GCNT2 
mutations are likely under-recognised. Therefore, GCNT2 should be screened in all 

genetically unresolved CC families, regardless of consanguinity and ethnicity.  
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Table 6.8 Summary of GCNT2 mutations identified and resulting phenotypes 

The following abbreviations are used: CC, congenital cataract; homo, homozygous; comp. het, compound heterozygous; NA, not available. All variant annotations are 

numbered in accordance with GCNT2-B (Ensemble transcript ID: ENST00000316170), except p.(A169T) and p.(R228Q) variants, which are numbered according to GCNT2-C 

No 
Homo/ 
Comp. 
Het 

Nucleotide  
change 

Protein 
change Exon Ethnicity 

Clinical features Polyphen2 
(human 
variation 
score 0-1) 

SIFT 
(tolerance 
index 0-1) 

Blosum 
62 score 
(-4 to 11) 

ExAC total 
individuals 
(het. or 
†homo.) 

Reference Adult i  
blood 
group 

CC 

1 Homo c.1043G>A/ 
c.1043G>A 

p.(G348E)/ 
p.(G348E) 3 Taiw anese 

(1 family) Yes Yes POS (0.548) DMG (0) -2 9/60 694 (Yu et al. 2001) 

2 Comp.  
Het 

c.1043G>A/ 
c.1148G>A 

p.(G348E)/ 
p.(R383H) 

3 
3 

Taiw anese 
(1 family) Yes Yes POS (0.548) 

BNG (0.037) 
DMG (0) 
TOL (0.08) 

-2 
0 

9/60 694; 
5/60 682 (Yu et al. 2001) 

3 Homo 
Segmental deletion 
(deletion encompassing  
exons 1B, 1C, 2 and 3) 

No protein NA Taiw anese 
(1 family) Yes Yes NA NA NA NA (Yu et al. 2001) 

4 Homo c.505G>A/ 
c.505G>A 

p.(A169T)/ 
p.(A169T) 

1C 
1C 

White  
(5 unrelated 
patients) 

Yes No PRD (0.990) DMG (0) 0 572/60 656 
(†1/60 656) (Yu et al. 2003) 

5 Comp.  
Het 

c.505G>A/ 
c.683G>A 

p.(A169T)/ 
p.(R228Q) 

1C 
1C 

White 
(1 patient) Yes No PRD (0.990) 

PRD (0.998) 
DMG (0) 
DMG (0) 

0 
1 

572/60 656 
(†1/60 656); 
2/60 675 

(Yu et al. 2003) 

6 Comp.  
Het 

c.1000G>A/ 
c.1043G>A 

p.(G334R)/ 
p.(G348E) 

2 
3 

Japanese 
(1 family) Yes Yes POS (0.745) 

POS (0.548) 
TOL (0.51) 
DMG (0) 

-2 
-2 

1/57 697; 
9/60 694 (Inaba et al. 2003) 

7 Homo c.977G>A/ 
c.977G>A 

p.(W326*)/ 
p.(W326*) 2 Arabic  

(4 families) Yes Yes NA NA NA 0/58 867 (Pras et al. 2004) 

8 Homo c.929G>A/ 
c.929G>A/ 

p.(G310D)/ 
p.(G310D) 2 Persian Jew s 

(1 family) Yes Yes POS (0.798) DMG (0.05) -1 2/54 924 (Wussuki-Lior et al. 
2011) 

9 Homo 
Segmental deletion (~93 
kb deletion 
encompassing exons 1B, 
1C, 2 and 3) 

No protein NA Pakistani 
(2 families) Yes Yes NA NA NA NA (Borck et al. 2012) 

10 Homo c.1163_1166delATCA/c.
1163_1166delATCA 

p.(N388Rfs*
20)/ 
p.(N388Rfs*
20) 

3 White British 
(1 family) Yes Yes NA NA NA 0/60 675 This study 
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(Ensemble transcript ID: ENST00000265012) due to their locations in GCNT2-C specific exon 1C. For each mutation, ethnicity and number of the reported families are shown. 

The clinical features describe the presence or absence of adult i blood group and CC in the affecteds. In silico analysis of GCNT2 mutations identified is presented. Polyphen2 

appraises  mutations  quantitatively  as  benign  (BNG),  possibly  damaging  (POS)  or  probably  damaging  (PRD)  based  on  the  model’s  false positive ratio. SIFT results are reported 

to  be  tolerated  (TOL)  if  tolerance  index  is  ≥0.05  or  damaging  (DMG)  if  tolerance  index  is  <0.05.  Blosum62  substitution  matrix score; positive numbers indicate a substitution 

more likely to be tolerated evolutionarily and negative numbers suggest the opposite. ExAC denotes variants in the Exome Aggregation Consortium database [accessed 10 th 

October 2016]. The frequency of each variant contributing to the compound heterozygous mutation is separated by a semi -colon  “;;”.  None  of  the  patient  variants  were  identified  
in a homozygous state in the control population consisting of 60,656 individuals, except variant  p.(A169T),  indicated  by  †,  in  which  one  European  individual  from  the  control  

population was reported to be homozygous for the variant. The mutation reported in this study is highlighted in bold.  
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6.3.2 Identification of a novel NHS null mutation  
Nance-Horan syndrome (NHS) and X-linked congenital cataract (CXN) have been 

described as allelic disorders, caused by loss-of-function (LOF) mutations in NHS 
and a proposed mechanism of aberrant transcription of NHS, respectively (Coccia 

et al. 2009). In this study, direct sequencing of the NHS gene identified a novel 

hemizygous nonsense mutation, c.523C>T, p.(Gln175*) in Family PT. The clinical 

presentation in the affected male from this family was mild compared to typical NHS 

phenotypes, with unusually mild dental abnormalities without facial dysmorphism 

(Figure 6.13). This is consistent with a recent finding, in which a patient with a splice 

site mutation in NHS presented with atypical mild dental anomalies (Sun et al. 2014).  

 

Variable expressivity of NHS phenotypes has been observed in previously reported 

NHS patients including the presence or absence of intellectual disability (ID), 

occasional association with digital anomalies, and variable severity of CCs (Table 

6.9). Furthermore, intrafamilial variable expressivity was reported in a CXN family 

with complex duplication/triplication involving the NHS gene with four out of six of 

the affected males diagnosed with congenital heart defects such as tetralogy of 

Fallot and ventriculoseptal defects. However, it is uncertain if alterations of the 

neighbouring gene contributed to the cardiac defects (Coccia et al. 2009). In 

addition, different cataract phenotypes were also displayed by the affected males in 

another CXN family (Coccia et al. 2009). Thus, the phenotypic heterogeneity and 

variable expressivity of CXN and NHS, both caused by mutations affecting the NHS 

gene, led to the suggestion that CXN and NHS likely represent a single clinical 

entity with a spectrum of phenotypes. NHS has at least three isoforms, NHS-1A, 
NHS-A and NHS-1C, which show differential tissue expression (Sharma et al. 2006) 

(see section 6.1.3). It was proposed that the effects of mutations on different 

isoforms may be the cause of phenotypic variability in NHS patients (Sharma et al. 
2006). However, this hypothesis was rejected as patients with a mutation in exon 8 

(exon shared by all NHS isoforms) did not consistently exhibit a more severe NHS 

phenotype (Coccia et al. 2009). Thus, the lack of phenotype-genotype correlation 

may suggest the potential involvement of genetic modifiers. In addition, NHS has 

been demonstrated to exhibit cell-type dependent subcellular localisation either in 

the cytoplasm, at tight junctions, at the leading edge of lamelliopdia and with focal 

adhesions (Sharma et al. 2006; Brooks et al. 2010). This suggests that NHS may be 

involved in a number of different cellular processes and could interact with different 

protein complexes. Thus, the variable expressivity of NHS and CXN could be 
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explained by the differential effects of mutations on NHS domains, if truncated 

proteins are produced, which may disrupt its interaction with different proteins.    

 

In order to further investigate phenotype-genotype correlation, more families should 

be recruited and deep phenotyping should be performed for the affected males and 

carrier females. In addition, future studies should focus on characterisation of the 

potential functional domains in the NHS protein, as the N-terminal WHD is the only 

domain studied to date (Brooks et al. 2010). As in silico protein domain databases 

continue to expand,  this may assist in identifying functional domains in the NHS 

protein, and it will be important to identify new interacting proteins binding to the 

different domains in the NHS protein.  

 

A 487 kb insertion in Nhs intron 1, which affected the expression of Nhs1 transcript 

(equivalent to human NHS-A isoform; see Figure 6.1) was identified in the Xcat 
mouse (Huang et al. 2006). In Xcat hemizygous males and homozygous females, 

total lens opacities were observed at birth, whereas heterozygous females 

displayed variable phenotypes ranging from barely noticeable lens opacities to total 

cataract (Favor and Pretsch 1990). Due to similar cataract phenotypes exhibited by 

CXN patients and Xcat mice, it has been proposed that Xcat mouse is an excellent 

mouse model for CXN, but likely not for NHS due to the absence of extraocular 

phenotypes (Coccia et al. 2009).  For future studies, more knock-out or knock-in 

mouse models of NHS patient mutations could be used to investigate whether 

human NHS phenotypes can be recapitulated. Different mouse strains could be 

used as the same mutation may result in different phenotypes in different strains. 

However, since mice only develop one set of teeth (equivalent to human deciduous 

teeth) without differentiation into premolars or canines (Tucker and Sharpe 2004), 

comparison between human and mouse model dental phenotypes may be 

unsuitable. Furthermore, human brains are more complex than mouse brains so 

mouse models may not recapitulate human neurological phenotypes. Nonetheless, 

RNA-Seq could be performed in these mouse models in the developing lens or 

brain to investigate the up- or downregulation of genes potentially interacting with 

NHS or involved in the same pathway as NHS. 
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Table 6.9 Summary of previously reported NHS mutations  

Region Nucleotide  
change 

Protein 
change Clinical features Reference 

Exon 1 c.115C>T p.Q39* Mild to moderate NHS features, with significant intra-familial variation Ramprasad et al. (2005) 

Exon 1 c.400delC p.R134fs*61 Typical  NHS features 
Burdon et al. (2003)* 
Brooks et al. (2004a)* 

Exon 1 c.C472T p.Q158* Typical NHS features. ID absent Coccia et al. (2009) 

Exon 2 c.614delC p.P206fs*282 Typical NHS features. Moderate ID Coccia et al. (2009) 

Exon 3 
Intron 2 

c.718insG 
c.IVS2-3 C>G 

p.E240fs*277 
p.? 

Affected female with  “unusually  severe  ocular  phenotype  for  a  female  with  NHS” Burdon et al. (2003) 

Exon 3 c.742C>T p.R248* Typical NHS features. ID absent (2 families) Sharma et al. (2008) 
Coccia et al. (2009)  

Exon 3 c.792delA p.P264fs Typical NHS features Sharma et al. (2008) 

Intron 3 c.IVS3-2A>G pS285fs*27 Typical NHS features  Florijn et al. (2006)  

Exon 5 c.1108C>T p.Q370* Typical NHS features Huang et al. (2007) 

Exon 5 c.1117C>T p.R378* Typical NHS features  Burdon et al. (2003)  
Florijn et al. (2006)   

Exon 6 c.2387insC p.S797fs*35 Typical NHS features Burdon et al. (2003) 

Exon 6 
c.2550-
2553del4bp p.K850fs*852 

Typical NHS features, finger and toe clinodactyly, developmental delay and 
behavioural problem Coccia et al. (2009) 

Exon 6 c.2602insG p.K869fs*4 NHS features, but no dental abnormalities  Florijn et al. (2006)  

Exon 6 c.2635C>T p.R879* Typical NHS features Florijn et al. (2006); 
Sharma et al. (2008) 

Exon 6 c.2687delA p.Q896fs*10 Typical NHS features with severe ID, epilepsy and hypotonia. Brooks et al. (2004a) 

Exon 6 c.3459delC p.L1154fs*28 Typical NHS features Burdon et al. (2003)  
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Exon 6 c.3596insA p.K1198fs*4 Typical NHS features Sharma et al. (2008) 
Exon 6 c.3624C>A p.C1208* Typical NHS features and brachymetacarpalia Reches et al. (2007) 
Exon 6  c.3738-3739delTG p.C1246-A1247fs*15 Typical NHS features and bilateral cleft palate Brooks et al. (2004a) 

Exon 6 c.3908del11bp p.I1302fs*7 Prenatal detection of bilateral CC 
Reches et al. (2007)* 
Sharma et al. (2008)* 

Exon 6 c.4129C>T p.Q1358* Typical NHS features and brachymetacarpalia Huang et al. (2007) 

Exon 8 
c.4561intagenic 
genomic 
rearrangement 

p.S1521fs*1531 Typical NHS features with unusually mild cataract, developmental delay and 
behavioural problems 

Coccia et al. (2009) 

 
                   
c.3019C>T p.Gln1007Ter Bilateral congenital cataract, severe ID Gillespie et al., 2014 

Exon 1 c.556G>T p.E186* CC (punctate). No record of other anomalies but re-examination was not 
performed. 

Sun et al. (2014). Family 8 

Intron 3 c.853-1G>A p.? CC (type unknown), microcornea, nystagmus, abnormal teeth but not typical of 
NHS. Carrier mother posterior subcapsular cataract, nystagmus 

Sun et al. (2014) Family 9 

Exon 5 c.1117C>T p.R373* 
CC (nuclear), microcornea, nystagmus. No record of other anomalies but re-
examination was not performed. Sun et al. (2014). Family 10 

Exon 6 c.2716_2719delTTA
G p.L906Mfs*24 CC (nuclear), microcornea, nystagmus. No record of other anomalies but re-

examination was not performed. Sun et al. (2014). Family 11 

Deletion of NHS gene 
downstream from exon 1 

No protein products Typical NHS features and hypotonic, developmental delay Coccia et al. (2009) 

Interstitial microdeletion of ~0.92 
Mb involving NHS No protein products Typical NHS features Liao et al. (2011) 

Segmental duplication-triplication 
Altered transcriptional 
regulation 

CXN. All 6 males total nuclear cataract. 4/6 males had heart defects (tetralogy 
of Fallot). 9 carrier females all mild progressive fan-shaped nuclear cataract Coccia et al. (2009) 

Intragenic segmental deletion 
within intron 1 

Altered transcriptional 
regulation 

CXN and laryngomalacia. Different cataract types in males, nuclear and 
posterior sutural cataract. Carrier female had Y-sutural cataract 

Coccia et al. (2009) 

The following abbreviations and signs are used: NHS, Nance-Horan syndrome; CC, congenital cataract; ID, intellectual disability; * = same family. Families with a diagnosis of 
X-linked congenital cataract (CXN) are highlighted in grey.  
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6.3.3 Future studies for genetically unresolved CC families 
In this study, whole exome sequencing (WES) was performed for the probands from 

4 families. However, the genetic cause was confirmed in one out of four cases 

(25%) by WES.  

 

WES did not identify any potential mutations in Family AH presenting with typical 

NHS phenotypes and CC Family AW. The transmission of the condition in these 

families is likely to be X-linked due to the milder phenotypes in the potential carrier 

females, although other modes of transmission such as autosomal recessive, 

autosomal dominant or de novo cannot be excluded. It is possible that the cause is 

mutations in non-coding regions which were not covered by WES, or structural 

variants (SVs), for which WES is not the best approach due to biased and non-

uniform read-depth of the captured regions and also the sparseness of the targeting 

regions. The WES ExomeDepth (Plagnol et al. 2012) CNV (copy number variations) 

analysis method employed by this study detects CNVs based on the read count 

(RC; or read depth), which is based on the principle that the number of reads 

mapped to a genomic region corresponds to the number of copies of that genomic 

region in the DNA sample. This method is useful if the sequencing process is 

uniform around the region of interest, but it may indicate false negative or positive 

results in the presence of favourably sequenced regions or regions that are difficult 

to sequence such as GC-rich regions. Thus, this method of WES CNV analysis can 

provide a good indication but the results should be considered with care. 

Furthermore, disease-associated SVs are more likely to be positioned beyond the 

regions targeted in WES, such that WES is a poor approach to analyse SVs.  

 

Since the price for WGS has now dropped considerably (approx. £1000 for 40X 

coverage) and the processing time for WGS has been reduced, WGS has replaced 

microarrays as the leading method for the detection of SVs (Tattini et al. 2015). 

Thus, the next step to identify the genetic cause(s) of NHS and CC in these families 

will be whole genome sequencing (WGS). WGS does not only cover the non-coding 

regions, it also provides better detection compared to WES due to its consistent 

unbiased coverage (Belkadi et al. 2015). 

 

Similarly, for Family JF with a diagnosis of NHS, although a compelling rare 

heterozygous variant in CRYGC, c.304A>G, p.(Met102Val) was identified, the 

association of this variant with the phenotypes in the family remains unclear. Thus, 
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in addition to further segregation analysis using a DNA  sample  from  the  proband’s  
affected sister, WGS could also be performed for the proband from this family.   

 

Next generation sequencing (NGS) has undoubtedly solved the genetic causes of 

numerous inherited disorders. However, the robustness of these techniques also 

poses some ethical issues such as incidental findings in genes that were not of 

original interest, but are known to cause some late-onset deleterious disease. For 

example, a unique hemizygous missense DMD variant was identified in the proband 

from CC family AW during the search for a cataract-causing mutation. Mutations in 

DMD are associated X-linked Duchenne or Becker muscular dystrophy, and the age 

of onset may range from early to late childhood. The proband in this study is now 13 

years old and although he did not exhibit any early sign of skeletal muscular or 

cardiac anomalies, he may develop this condition later in life, and this case 

exemplifies the ethical issues which arise with NGS technology. 
 

6.3.4 CCDC22 is an NHS interacting protein 
NHS is a large multidomain protein and we currently understand very little about its 

function. It has a potential role of in diverse cellular processes, possibly through 

interaction with a wide range of interacting proteins, depending on tissue and 

subcellular localisation. Preliminary results from a yeast two hybrid (Y2H) assay 

identified CCDC22 as a putative interacting partner of NHS (Coccia 2010). This was 

verified by co-immunoprecipitation (IP) assays and co-localisation of NHS and 

CCDC22 in the cytoplasm in HEK293 cells in this study (Figure 6.19, Figure 6.20, 

and Figure 6.23).  The NHS-CCDC22 interaction was found to be mediated by the 

N-terminal WAVE homology domain (WHD) of NHS and the C-terminal coiled coil 

(CC) domain of CCDC22 (Figure 6.20).  

 

The NHS-CCDC22 interaction is intriguing, but elucidating their relationship could 

be challenging due to the potential involvement of two large multimeric complexes, 

the WASH and WAVE complexes. The WASH and WAVE complexes are known to 

play a role in actin polymerisation through activation of the Arp2/3 complex, with 

WAVE acting mainly at the cell periphery, whereas WASH activity is primarily found 

in the endosomes and trans-Golgi network (TGN) (Goley and Welch 2006; Rotty et 
al. 2013).  
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Interestingly, CCDC22 likely influences the activity of another member of the WASP 

family, the WASH complex. CCDC22 binds directly to FAM21, which is part of the 

WASH complex, interacting via its C-terminal coiled-coil (CC) domain. Together 

they interact with retromer and COMMD proteins to regulate endosomal sorting 

through activation of the Arp2/3 complex (Phillips-Krawczak et al. 2015). In addition, 

reduced expression of CCDC22 was reported to cause an increased expression of 

WASH1 (Kolanczyk et al. 2014). Importantly, the N-terminal calponin homology 

(CH) domain of CCDC22 is known for its function as an actin filament (F-actin) 

binding motif (Sjöblom et al. 2008).  

 

These findings therefore raise several questions; since both NHS and FAM21 (from 

the WASH complex) bind to the CCDC22 C-terminal CC domain, do they bind 

competitively? Similarly, CCDC22, ABI and HSPC300 (both from the WAVE 

complex) bind to the NHS N-terminal WHD, do they compete for binding? If they do, 

is the competitive binding designed to maintain the tightly regulated level of 

activation of the WASH and WAVE complexes to ensure the appropriate actin 

nucleation activity in the cell from the endosomes to TGN to the plasma membrane, 

or in response to extracellular signals? Thus, when either NHS or CCDC22 is 

disrupted by disease associated mutations, it may perturb the activity of each 

complex, which correlates to the overlapping phenotypes observed in the patients 

with NHS and CCDC22 mutations (section 6.1.7).  

 

However, these are complex functional questions to explore. Since NHS knockdown 

caused excessive cell spreading, which was proposed to be mediated by 

overactivity of WAVE (Brooks et al. 2010), whereas reduced CCDC22 expression 

has been shown to result in an increase in WASH1 (Kolanczyk et al. 2014), future 

studies could investigate the effects of siRNA knockdown of CCDC22 on cell 

morphology, and the potential alterations in NHS expression level and subcellular 

localisation. A reciprocal siRNA knockdown experiment of NHS could also be 

performed to investigate the effects on CCDC22 expression level and subcellular 

localisation. Co-overexpression of both NHS and CCDC22 can be carried out to 

investigate the potential ability of these proteins to recruit each other to the cell 

periphery and leading edge when cells are confluent and/or stimulated  (Brooks et al. 
2010). Y2H and co-immunoprecipitation assays could be employed to identify other 

NHS and CCDC22 interacting partners, as this has proved to be successful.  
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Although NHS has an as yet undefined role at the cell periphery, it modulates actin 

cytoskeletal dynamics and localises to focal adhesions and tight junctions (Sharma 

et al. 2006; Brooks et al. 2010). NHS has also been shown to be localised to the 

cytoplasm in a number of cell types, suggesting that NHS may be a large 

scaffolding protein that interacts with numerous protein complexes to regulate the 

cellular response to extracellular signals. Furthermore, four conserved putative 

monopartite Nuclear Localisation Sequence motifs in NHS protein have been 

identified, suggesting the possible function of NHS in the nucleus (Burdon et al. 
2003), perhaps altering transcription as a result of these cellular responses. 

Therefore, future functional studies are required to investigate the potential roles of 

NHS. 

 

 
Figure 6.24 The interconnected relationship of NHS, CCDC22, WAVE, and 
WASH complexes. The verified protein-protein interactions are indicated by black 

solid lines. Both FAM21 (from the WASH complex) and NHS bind to the CCDC22 

C-terminal coiled–coil (CC) domain. The N-terminal calponin homology (CH) domain 

of CCDC22 binds to the COMMD protein. The WHD of NHS also interacts with ABI 

and HSPC300. The dotted red line indicates potential interaction given the 

homology of the WHD domain found in NHS and WAVE proteins.  

 

6.3.4.1 A bigger picture - cross-talk between two large complexes 
WASH and WAVE 

The interaction between NHS and CCDC22 and their respective links to the WAVE 

and WASH complexes (Figure 6.24) therefore raises an important question: is there 

cross-talk between these two structurally and functionally similar heteropentameric 

complexes?  
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The key component in this complex relationship is the Arp2/3 complex (actin-related 

protein 2/3), which links the WAVE and WASH complexes (Figure 6.25). Many 

cellular processes are stimulated by the branched actin polymerisation activity of the 

Arp2/3 complex, which is activated by binding to the VCA domains of different 

WASP family members, depending on the specialised functions required (Pollard 

and Borisy 2003; Rotty et al. 2013). The WAVE complex is required for cellular 

processes including the formation of cell junctions, and lamellipodia; WASH plays a 

role in endocytosis, endosomal fission and sorting; whereas WASP mainly functions 

in phagocytosis, and forming the filopodia, podosome, and neurite extensions (Rotty 

et al. 2013) (Figure 6.25).  
 
Although the functions of WASH are mainly described in the endosomes, its 

subcellular localisation is not well understood. Furthermore, during the endosomal 

sorting process regulated by the WASH complex, the protein cargoes could end up 

in either of the three intracellular trafficking routes: transport to the lysosomes for 

degradation, retrograde transport to the trans-Golgi network (TGN) or traffic back to 

the plasma membrane for recycling (Figure 6.4) (Derivery et al. 2009; Lee et al. 

2016; Gomez & Billadeau 2009). Thus, this suggests that although WASH is found 

primarily in the endosomes (Phillips-Krawczak et al. 2015), it doesn’t  preclude   its  
potential expression and functions at the plasma membrane. Therefore, this raises 

the question, can CCDC22 be recruited to the membrane by the WASH complex or 

by NHS for an as yet unknown function?  
 
In addition, a study has demonstrated that the Arp2/3 complex regulated by the 

WASH complex is required for cytokinesis during mouse oocyte formation (Wang et 
al. 2014) and CCDC22 was found to share evolutionarily ancestry with kinetochore 

and microtubule-associated proteins (Schou et al. 2014). More intriguingly, 

researchers from Copenhagen have identified the NHS protein through mass 

spectrometry analysis of mitotic regulators (unpublished data). Although it is  

uncertain whether the WAVE complex takes part in this process, altogether these 

findings reflect a potential cross-talk between WAVE and WASH complexes within 

the intracellular environment, possibly mediated by NHS and CCDC22 or vice versa, 

for which future studies will be required to provide a better understanding.  
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Figure 6.25 Arp2/3 complex mediated cellular processes regulated by the 
WAVE, WASH, or WASP complex. Polymerising branched actins generated by the 

activation of the Arp2/3 complex (actin-related protein 2/3) are required for biological 

processes including cell motility, endocytosis, endosomal fission and sorting, 

phagocytosis, formation of lamellipodia, filopodia, podosomes, and cell-cell 

junctions. The activation of the Arp2/3 complex for each of these functions is 

mediated by different members of the WASP (Wiskott-Aldrich Syndrome Protein) 

family, including WAVE (blue box), WASH (green box), or WASP (pink box) 

(modified from Rotty et al. 2013)   
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6.3.5 Concluding remarks 
Overall, this study has several important implications in understanding the etiology 

of congenital cataract (CC) and Nance-Horan syndrome (NHS). First, a non-

consanguineous family, which was initially presumed to be X-linked was found to 

have a recessive mutation in an autosomal gene GCNT2, which is also associated 

with a rare adult i blood phenotype. This suggests that screening of GCNT2 should 

be considered in CC families. A rare heterozygous missense variant in CRYGC was 

identified in a family diagnosed with NHS; however, future study is required to 

confirm the segregation of the variant with the condition in the family.  

 

An NHS family presenting with unusually mild extraocular anomalies had a null 

mutation in NHS. The phenotypic heterogeneity of NHS and CXN suggests they 

likely represent a single clinical entity with a spectrum of phenotypes. The 

unresolved genetic cause in NHS families suggests that mutations in non-coding 

region or structural variants in NHS are likely to be the cause, but would not be 

detected with the techniques used here. 

 

CCDC22 was verified to be an NHS interacting partner, and their interaction is 

mediated via the NHS N-terminal WAVE homology domain (WHD) and CCDC22 C-

terminal coiled-coil (CC) domain. CCDC22 mutant T30A had reduced binding 

affinity to NHS, suggesting that this mutation may cause conformational alterations 

that disturb the interaction. Both proteins have functional links with the WAVE and 

WASH complexes (members of WASP family), suggesting that there may be cross-

talk between WAVE and WASH complexes in mediating the activation of the Arp2/3 

complex, which stimulates actin nucleation for a number of different cellular 

processes. 
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7 General Discussion and Concluding 
Remarks 

 

7.1 Summary of key findings 
In this study, a combination of targeted Sanger sequencing and whole exome 

sequencing (WES) was employed to investigate the genetic cause(s) of a range of 

developmental eye anomalies affecting the cornea, iris and/or lens.  

 

Chapter three focused on isolated megalocornea with the identification of CHRDL1 

mutations in all 19 families with X-linked megalocornea (MGC1), confirming the 

genetic homogeneity of MGC1. Detailed clinical phenotyping of patients from these 

families and a previous study (Webb et al. 2012) confirmed the phenotypic 

homogeneity of MGC1, which is characterised by bilateral enlarged corneas with 

horizontal white-to-white diameters ranging from 13-16.5 mm, reduced central 

corneal thickness (380-475 µm), deep anterior chambers (AC) (4.03-6.50 mm), and 

AC to axial length (AL) ratio of ≥0.19. Secondary features such as shagreen, arcus 

juvenilis, iris transillumination, and cataract were observed in older patients. This 

study provides a delineation of the diagnostic criteria for MGC1, which improves the 

accuracy of differential diagnosis of MGC1 from primary congenital glaucoma (PCG), 

thereby assisting clinicians in the clinical care required by patients. 

 

Chapter four focused on phenotypically heterogeneous syndromic megalocornea, 

where megalocornea was associated with a wide range of extraocular phenotypes, 

including craniofacial dysmorphism, neurological, skeletal, digital, and cardiac 

defects. Detailed clinical phenotyping of 7 families provides evidence that 

megalocornea-mental retardation syndrome (MMR, also known as Neuhäuser 

syndrome; MIM: 249310) is likely not to be a distinct clinical entity but instead 

represents a spectrum of conditions including Axenfeld-Rieger syndrome), 

syndromic PCG or a phenotypic spectrum of other syndromes. This is supported by 

the identification of disease-associated mutations in different genes including 

FOXC1, LTBP2 and KDM5B, as well as a potential digenic inheritance in one family. 

In this family, the ocular phenotype was caused by the CHRDL1 mutation and an as 

yet to be identified genetic cause contributing to the extraocular phenotypes. This 

chapter demonstrates the robustness of WES for identifying rare exonic disease-

causing mutations and the importance of recruiting more families for genetic studies 
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of rare disease. In addition, the findings from this study suggest that CHRDL1, 

FOXC1, LTBP2 and KDM5B should be screened in genetically-unresolved patients, 

who were previously diagnosed with MMR syndrome. 

 

In chapter five, recessive mutations in CPAMD8, a gene encoding a protein of 

unknown function, were identified to be the genetic cause of a new form of rare 

autosomal recessive anterior segment dysgenesis (ASD) in three unrelated families. 

This ASD is characterised by predominant iris and lens anomalies including iris 

hypoplasia, corectopia, ectropion uveae, ectopia lentis, and mild cataract. The 

cornea, retina and extraocular tissues are not affected. In situ hybridisation (ISH) 

and reverse transcription polymerase chain reaction (RT-PCR) show expression of 

CPAMD8 in the developing lens, iris, and retina, supporting its role in anterior 

segment development. The presence of a signal peptide in CPAMD8, and its 

spatiotemporal expression pattern during anterior segment development, suggests 

that it may play an important role as a secreted protein, perhaps as cleaved 

peptides, in mediating the cross-talk between the optic cup peripheral 

neuroectoderm and the anterior periocular mesenchyme during eye morphogenesis. 

Phylogenetic analysis revealed rodent lineage-specific deletion of CPAMD8, and the 

introduction of murinoglobulin genes in these genomes, which suggests functional 

divergence or complementation of gene function between human and rodents. 

Future studies are required to identify the interacting partners of CPAMD8, and to 

investigate subcellular localisation, protein cleavage, potential secretion, and the 

biological functions of CPAMD8. 

 

Chapter six describes the genetics of isolated congenital cataracts (CCs) and 

Nance-Horan syndrome (NHS) as well as the verification of CCDC22 as an NHS 

interacting protein. A homozygous recessive mutation in an autosomal CC gene, 

GCNT2 was identified by WES in a non-consanguineous family, in which 

transmission of CC was initially presumed to be X-linked. The GCNT2 mutation is 

also associated with a rare adult i blood phenotype in this family, and it is likely that 

CCs caused by GCNT2 mutations may be currently under-recognised. Mutations in 

NHS are known to cause allelic disorders X-linked cataract (CXN) and Nance-Horan 

syndrome. Direct sequencing of NHS identified a null mutation in an NHS family 

presenting with congenital bilateral cataract and unusually mild dental anomalies. 

The phenotypic heterogeneity of NHS and CXN suggests they likely represent a 

clinical entity with a spectrum of phenotypes. WES performed for another typical 

NHS family and a CC family did not identify any potential disease-associated 
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variants. A compelling rare heterozygous missense variant in CRYGC was identified 

in a family diagnosed with NHS; however, future study is required to confirm the 

segregation of the variant with the NHS phenotype in the family. The unresolved 

genetic cause(s) of NHS and CC in some families suggests that mutations in non-

coding region or structural variants in NHS are likely to be the cause, and whole 

genome sequencing (WGS) should be the next step. CCDC22 was previously  

identified as a putative NHS interacting protein by yeast two hybrid (Y2H) assay 

(Coccia 2010). Mutations in CCDC22 have been associated with non-syndromic X-

linked intellectual disability (XLID) (Starokadomskyy et al. 2013), and Ritscher-

Schinzel syndrome (RTSC2) (Voineagu et al. 2012), and some phenotypes are 

shared by patients with CCDC22 mutations and NHS mutations, such as dental 

anomalies, ID, and facial dysmorphism. Immunoprecipitation (IP) and 

immunocytochemistry (ICC) were performed in this study and confirmed the co-

localisation and interaction of NHS and CCDC22, which is mediated via the NHS N-

terminal WAVE homology domain (WHD) and the CCDC22 C-terminal coiled-coil 

(CC) domain. IP also demonstrated reduced binding affinity between the CCDC22 

patient mutant protein T30A, and NHS, suggesting that this mutation may cause 

conformational alterations that disturb the interaction. NHS and CCDC22 are known 

to interact with the WAVE and WASH complexes, suggesting that there may be 

cross-talk between WAVE and WASH complexes in mediating the activation of the 

Arp2/3 complex, which stimulates actin nucleation for different cellular processes. 

Future studies will be required to elucidate the complex relationship between NHS, 

CCDC22 and Arp2/3 activation. 
 

7.2  Next generation sequencing and future prospoects in 

genomic sequencing 
In this study, Sanger sequencing (first generation sequencing) and WES (next 

generation sequencing) were employed to identify disease-causing mutations. 

Although WES has proven to be a robust tool for the genetic study of rare diseases, 

as exemplified by chapters 4, 5 and 6, there are also significant limitations.  

 

For inherited diseases of unknown cause, WES is the best first approach to identify 

a potential causative mutation. If an exonic mutation is not identified, however, this 

could indicate that the condition is caused by structural variants, or mutations in 

non-coding regions, and WGS can then be employed. WGS results in more 

consistent unbiased coverage across the whole genome, which will facilitate 
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analysis of non-coding regions so that deep intronic or promoter variants can be 

identified. WGS data can also be interrogated for structural variants (Belkadi et al. 

2015). With competition between different commercial companies and continually 

improving NGS platforms, the cost of WGS is falling (currently approx. £1000 for 30-

40 X coverage) and WGS will soon replace WES in all genetic studies. Furthermore, 

new methods, for example TruSeq® DNA Library Prep Kit from Illumina, have been 

developed to provide PCR-free library preparation and cover genomic regions which 

were previously difficult to sequence, such as GC-rich and repetitive regions. 

However, there are several potential issues and challenges with WGS, including 

data storage, data interpretation, and ethical dilemmas.  

 

Current NGS technology generates short reads of 50-1000 bases, followed by 

mapping to the reference genome. However, there is currently a limited number of 

reference genomes, and these have gaps in repetitive regions, rendering the 

mapping of short reads difficult. Furthermore, exponential human population growth 

results in the accumulation of rare variants along ethnic lines (Moore et al. 2011). 

Thus, a rare variant could be enriched in a certain population, and not necessarily 

disease-associated. Thus, it is difficult to interpret the significance or pathogenicity 

of rare variants without large numbers of reference genomes of matching ethnicity, 

especially Asian and African populations which are still underrepresented. 

Furthermore, WGS is still in its infancy. Thus, algorithms need to be continually 

improved  for a more sensitive sequence alteration and structural variant detection 

(Chrystoja and Diamandis 2014). 

 

In addition, WGS generates a huge amount of data. The data need to be stored 

safely, which requires massive storage capacity and significant investment. Cloud 

computing and storage such as Rainbow has been launched (Zhao et al. 2013); 

however, this poses another ethical issue on the safety and confidentiality of the 

stored WGS data. Furthermore, the paucity of expertise in bioinformatics, and 

uncertainties around genetic counselling based on WGS data, creates a gap 

between rapid NHS data generation and data interpretation. Robust WGS 

technology also raises some ethical dilemmas pertaining to incidental findings of 

variants in genes that are not of original interest, but are clinically important. 

Recommendations have been proposed to disclose such genetic information to 

patients according to their age, consent from patient, treatability and severity of the 

associated disease, and potential impacts of the genetic variants to family planning 

(Ayuso et al. 2013).   
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The successor to WGS may be single molecule sequencing (SMS) technology. Its 

terminology is still under debate, whether ‘third generation sequencing’ is correctly 

coined due to its basic principle of sequencing-by-synthesis, which is similar to NGS. 

However, with the omission of a PCR amplification step prior to sequencing, this 

technique promises a PCR-bias free sequencing method, and is able to read long 

sequences, thereby representing a promising future in genomic sequencing (Pareek 

et al. 2011; Zhang et al. 2011). For example, a portable nanopore DNA sequencing 

USB device, MinION (developed by the Oxford Nanopore Technologies) is able to 

read >100 kb (Urban et al. 2015), which will mitigate the current limitations of NGS 

and read through of difficult to sequence regions, such as highly repetitive regions, 

and also provides better detection of chromosomal rearrangements and structural 

variants. Nanopore sequencing technology involves the denaturation of double-

stranded DNA into single-stranded molecules and passing the DNA molecules 

through nanopores, which are embedded in a synthetic membrane. An ionic current 

is applied through the nanopores. As the DNA molecules traverse, different bases 

confer distinctive modulation of the ionic current flow, which enables the DNA 

sequence to be determined (Pareek et al. 2011). Helicos HeliScope exemplifies 

another SMS technology platform, which employs a highly sensitive fluorescence 

detection system and is able to detect a single nucleotide. The first step in this 

technology is the preparation of a DNA library, in which the DNA is fragmented, 

poly-A tails are added, hybridised to poly-T oligonucleotides attached to the flow 

cells, followed by real-time sequencing using fluorescently-labelled nucleotides, and 

finally detection of signals by the sequencer. This cycle is repeated with the 

cleavage of the fluorophore and re-commencement of another cycle of sequencing. 

This technique, however, only generates short reads of approximately 50 bases, but 

can generate up to 28 Gb in a single sequencing run (Pareek et al. 2011; Zhang et 

al. 2011). In addition, SMS technologies based on different principles such as ion 

torrent sequencing, and fluorescence resonance energy transfer (FRET)-based 

sequencing technology are also currently under development (Pareek et al. 2011). 

 

Thus, although SMS technology is still in its infancy, it is likely to be the  future in 

genomic sequencing, with advantages such as longer reads, reduced cost, 

increased speed, PCR-bias free, better detection of variants in difficult to sequence 

regions, and should facilitate detection of structural variants and chromosomal 

rearrangements. 
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7.3 Genomics and inherited eye diseases 
The human eye is a complex organ. Embryonic development of the eye is a highly 

organised process, which is tightly regulated by different transcription factors and 

signalling pathways. Perturbed embryonic eye development causes a range of 

different ocular developmental disorders (Fuhrmann 2010; Graw 2010). This study 

demonstrates that congenital disorders affecting the anterior segment are rarely 

phenotypically or genetically homogeneous, and the same or similar phenotypes 

can be caused by mutations in different genes. Furthermore, many genes involved 

in eye development also play a role in the development of other organs, thus when 

mutated, this can lead to additional pleiotropic or syndromic phenotypes.  

 

In the last decade, the development of NGS has accelerated the identification of 

variants or mutations associated with, or causing, inherited human diseases. Huge 

amounts of WES and WGS data has been generated. However, it is evident that 

rapid data generation has exceeded the capacity and expertise required for NGS 

data analysis. In addition, due to the rarity of Mendelian eye diseases, uncovering 

the genetic basis of the conditions can be challenging, and is more likely to succeed 

if several families with the same condition are studied in parallel. As such, rare 

disease databases such as MatchMaker Exchange, the International Rare Diseases 

Research Consortium (IRDiRC), Undiagnosed Diseases Program, and 

GeneMatcher have been established for worldwide collaboration and data sharing. 

The majority of these databases have just been launched so are still limited by the 

small number of users and limited resources. Furthermore, although selective data 

sharing is available to protect the investigators’ rights of their research, and patient 

confidentiality data, this in turn can become an obstacle in scientific discovery. Thus, 

a future goal for these international data sharing endeavours is to encourage a more 

open environment for broader data sharing to accelerate scientific discovery. 

 

NGS technologies have also been applied to study functional elements in the 

genome and for transcriptomic analyses, such as ChIP-Seq, DNase-Seq, and RNA-

Seq (see section 1.4.1.2.1). These approaches have revealed the complexity of 

human genomic architecture and have identified functional roles for non-coding 

elements such as regulatory motifs in promoters and untranslated regions, insulator 

regions that form genetic boundary elements that block the interaction between 

enhancers to constrain gene expression, non-coding and antisense RNAs. These 

previously coined “non-functional” elements are now recognised as essential 
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genomic regions that control gene expression (Lander 2011), and these may 

account for the ‘missing heritability’ of inherited eye diseases. Thus, with a better 

understanding of these non-coding regions, this will hopefully uncover the genetic 

causes of previously unresolved inherited diseases.  

 

For most of the congenital disorders affecting the anterior segment, the lack of 

genotype-phenotype correlation suggests the potential involvement of genetic 

modifiers, for example the variable phenotypes caused by mutations in FOXC1. 

Larger deletions of chr6p25 encompassing FOXC1 and neighbouring genes FOXQ1 

and FOXF2 have been shown to cause ARS with severe cerebellar malformation, 

compared to FOXC1 point mutations that result in ARS with absent to mild 

cerebellar malformations. This prompted the hypothesis that FOXQ1 and FOXF2 

may contribute to the phenotype. However, Foxq1 -/- and Foxf2 -/- null mice did not 

show any brain or cerebellar anomalies, which implies that Foxq1 and Foxf2 may 

regulate cerebellar development via genetic interactions with Foxc1 (Aldinger et al. 

2009). Genetic modifier effects can be additive, reductive, or even cause the 

masking of a phenotype (epistasis) (Slavotinek and Biesecker 2003). To investigate 

the potential involvement of genetic modifiers in phenotypically heterogeneous 

inherited eye diseases, future studies should employ gene targeting approaches in 

animal models. For example, a previous study, successfully used this approach for 

Alagille syndrome (MIM: 118450), a pleiotropic syndrome characterised by anterior 

chamber defects, cholestasis, skeletal, cardiac anomalies, facial dysmorphism with 

or without renal problems. Alagille syndrome is caused by loss-of-function mutations 

in JAG1 (Jagged 1; MIM: 601920). In Jag1 heterozygous knock-out mice, only 

anterior chamber defects were presented (Xue et al. 1999). However, in mice which 

were double heterozygotes for Jag1 and Notch2, the Alagille syndrome phenotypes 

in humans were recapitulated, implying Notch2 as a genetic modifier of Jag1 

(McCright et al. 2002). Thus, targeting genes involved in the same pathway in 

mouse models may identify potential genetic modifiers that contribute to the 

phenotypic heterogeneity of eye diseases. A better understanding of the genetic 

interactions and functional pathways involved in eye development could help to 

resolve some of the phenotypic variability observed for eye diseases. In addition, a 

centralised database for phenotypically heterogeneous inherited eye diseases, with 

the addition of all genetically-solved cases, combined with a sophisticated deep 

phenotyping approach would facilitate more accurate diagnosis and help to 

establish any genotype-genotype correlations.  
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Although the master control genes for eye development have been identified, there 

are gaps in our understanding of their highly controlled spatiotemporal expression 

and dynamic relationship (see section 1.1.3). With the continuous development of 

NGS and global efforts to uncover genes associated with ocular developmental 

disorders, in humans and animal models, a more detailed network of the genes 

involved in eye development will evolve, and their respective relationships, for 

example if they act upstream or downstream of master control genes in a defined 

pathway. Furthermore, publicly available RNA-Seq data for anterior segment 

structures such as lens and iris at different time points during development is still 

lacking. Such RNA-Seq data will undoubtedly assist in identifying important ocular-

specific gene transcripts required during eye development. 

 

7.4 Filling the gap between genome and proteome 
Detailed study of the human genome has been progressing at a remarkable pace 

since the publication of human genome sequence. Over the past decade, NGS 

approaches have revolutionised our understanding of genomic architecture, gene 

transcription, evolutionary conservation, and gene discovery for inherited diseases. 

In comparison, an equivalent proteome map appears much less refined. However, 

with the development of high-throughput mass spectrometry, a more detailed tissue 

and cellular proteome dataset will no doubt be available in the near future (Kim et al. 

2014). 

 

Proteins encoded by 17,294 genes have been identified in large scale studies, 

which represent approximately 84% of all known protein-coding genes (20,687) 

(ENCODE Project et al. 2012; Kim et al. 2014). Interestingly, some of the proteins 

recently identified are encoded by pseudogenes (n=140), novel open reading 

frames (n=44), and novel coding regions within annotated genes (n=106) (Kim et al. 

2014). However, the biological functions of the majority of proteins are still poorly 

understood, and many will have multiple functions. Therefore, in order to have an 

insight into biological pathways and the mechanisms underlying human diseases, a 

more detailed proteome map will be required alongside investigations of protein 

functions. With the launch of the Chromosome-Centric Human Proteome Project (C-

HPP) led by the Human Proteome Organisation, with the aim of identifying all 

“missing proteins” to bridge the gap between the genome and proteome, this will 

hopefully be realised in the near future (Paik et al. 2012).   
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7.5 Concluding remarks 
 
The data presented in this dissertation builds on our current understanding of 

congenital disorders affecting the anterior segment structures of the eye, and has 

influenced clinical diagnosis, and revealed the underlying genetic basis of several 

conditions. The identification of a novel gene for a new form of ASD will improve our 

understanding of the biological pathways involved in human eye development.  
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Appendix A: Primer list 

Primer 
Sequence  (5’-3’) 

5 Target gene and 
region 

6 Size 
(bp) Ta  (◦C) Ext 

(sec) 
Reag
ent Forward Reverse 

ADCK3_Ex8 GCTCGCTCTTGCTCTCCTAA GATTGGTCCTGGTGGAAGAA ADCK3 exon 8 368 56 30 1 
AHNAK_Ex5 TGTGAATATCGAAGGCCCAG AGGCATAGAGATTTTGTGCGT AHNAK exon 5 475 56 30 1 
ANK1_Ex12 GGAAGCAAACCCACCTCATA GTCCAAAACAAAGCCTCCAA ANK1 exon 12 445 56 30 1 
ANKRD13DEx11 CCAGGCAGAAGGTGGGTAA CTCATCACAGCCACACAGGT ANKRD13D exon 11 462 56 30 1 
AP5B1_Ex2 TTTGAGGAGCTCTGGGATTC GGTTTTGGCGACAGAGCTAC AP5B1 exon 2 374 56 30 1 
ATRNL1_Ex5 TGTTGAGCATGTAGTCGTTAGA AAGCCATCACACCACACATG ATRNL1 exon 5 497 56 30 1 
C9orf57_Ex5 TCCTTACCTCTTTTCTCTCCGT TCGAGACTGATTGATCTGCCA C9orf57 exon 5 211 56 30 1 
CASK_Ex27 CACCCCTACCTCCATCTCATC GGTGCTCCCAGTTATGCTC CASK Exon 27 244 58 30 1 
CCDC22_SDM CGGAAGGCCTgTAAGTATCTAG AACAGCATCGTCCTTCTTG CCDC22 c.1670A>G ~6 kb 62 4 min Q5 
CCDC22_11-17F AAAGCTGCAGGATTGCAGAG - CCDC22 cDNA exon 11 internal primer (for sequencing) 
CCDC70_EX2 AGGGTCCTGTCATCCCTCAT GCTCACCCTGGACTTGAATC CCDC70 exon 2 787 58 30 1 
CD5L_Ex4 CCAAGAACTGTGAGATGTGTCC TCCTTTGGTGCGTTAGTAGC CD5L exon 4 534 58 30 1 
CHRDL1_Ex1 GCTGAGTCTCACACTTTCTCCC GCCAAGAGAAGGCAACCC CHRDL1 exon 1 498 65 30 1 

CHRDL1_Ex2 CAGGTTAGAAGCCTGAGCATC ATTTGGGCTAAATCATAATTGC CHRDL1 exon 2 (also 
for qPCR) 302 55 30 1 

CHRDL1_Ex3 ATGGATGGAACTTGTGATTGC GATTTTATCATCCATGGTCCC CHRDL1 exon 3 295 61 30 1 
CHRDL1_Ex4 GAGTCCCTGCATGACTGTTTC TTCTGGGGAATTATGGAGATG CHRDL1 exon 4 270 55 30 1 
CHRDL1_Ex5 ATGTAGTACAGCCCCGTCTGC CTTACAGTGCAGGCACAAATG CHRDL1 exon 5 329 55 30 1 
CHRDL1_Ex5a TCAGCTGCTGTACTTGTCTGG TGTTCAGGGTGGGTGAAGAT CHRDL1 exon 5 494 55 30 1 
CHRDL1_Ex6 TTTGAGTCCCTGCTCTATTTCAG CCTTTCCCTAGGACATTAGACAG CHRDL1 exon 6 279 55 30 1 
CHRDL1_Ex7 AAAATGTTGCTGGGTCACAAG GGATTTGCTAGAATAGTAGCCACG CHRDL1 exon 7 235 55 30 1 
CHRDL1_Ex8 GCTGAAATCAGAGCTCACCAC TGAGCCACAAGTGAATATGGG CHRDL1 exon 8 409 55 30 1 
CHRDL1_Ex9 AGTAGTTCAGGGCTTGGGTTC ATGAAAGGTTATGTTTCTGATGC CHRDL1 exon 9 385 63 30 1 
CHRDL1_Ex10 GGTGGAATTTCTGTCTCTCG TAATCCAAATGAGGGAACAGG CHRDL1 exon 10 420 55 30 1 
CHRDL1_Ex11 TGAAATGATATGCTGAGCCTG GAGATTGCGGAGGGACTTTAG CHRDL1 exon 11 271 55 30 1 
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CHRDL1_Ex12 GGTAAGCATGGGGTATATTGG TGGAGTTTTAGGGCACTGTTG CHRDL1 exon 12 320 55 30 1 
CHRDL1 In4_5a CAGAGGTGAAAGCGTTGAAA AACCTGAGGGGAAACAAGGT CHRDL1 intron 4 815 57 30 1 
CHRDL1 In4_5b ATGACTTGTTGTTGGCGAGA TGCCTCTTCTGCTTACTCAAGA CHRDL1 intron 4 285 57 30 1 
CHRDL1 In4_5c ATCAAAGCCCATTCCTCATC TGCCAGATGAGCAGAAGTAATC CHRDL1 intron 4 299 57 30 1 
CHRDL1 In4_5d TGAAGCCTAGAGATGCAAAGTG GGCCAGGAAATTCTTGTAGC CHRDL1 intron 4 490 57 30 1 
CHRDL1 In4_5e TGTAGCCAGCTTTGCTTTGA AGCTGGCAGATGTTTGGAAT CHRDL1 intron 4 847 57 30 1 
CHRDL1 In5_6a TGGCATTAAGCACTGGATTG GATGGCCACAGCTCAGTCTA CHRDL1 intron 5 300 57 30 1 
CHRDL1_12 GCGTTTGTTTGCCTTTTAGG TGCAGCTTGAGTTTTCTTGC CHRDL1 ex 12 (qPCR) 199 60 30 1 
COL27A1_Ex49 AACCCCTTCCCACTTTGACT AGTGTGTGCATGTGTGAGTG COL27A1 exon 49 207 58 30 1 
CPAMD8_Ex1 TGGAGAGGAGAGGGAGAGTG GGAGTCCCTGTACCTCCACA CPAMD8 exon 1 771 61 40 2 
CPAMD8_Ex2 GGTCTGGGGTGAGAACTTCA AAGAAGGGGAAGTCCTGGTC CPAMD8 exon 2 233 61 30 1 
CPAMD8_Ex7 ATGCCCAAGAGAGAGGACTG GCCGCAGAGGAAGAAACTTA CPAMD8 exon 7 173 63 30 1 
CPAMD8_Ex16 CTCACAGCCAACTGAACCAA TGGAGGTCTAGAACCCAAGC CPAMD8 exon 16 238 60 30 1 
CPAMD8_Ex17 ATGCTACCAGTGCCCATCTC TTTGAGGCTGCAGTGAGCTA CPAMD8 exon 17 493 62 30 2 
CPAMD8_Ex18 ATGGTTTGGGTGTTGTCTGT CAAAGACAAGCCCCAGATGT CPAMD8 exon 18 237 56 30 1 
CPAMD8_Ex29 TTAGGGTGAGGCCTGTGAGT ACAGTCATGGGAGGCTCTGT CPAMD8 exon 29 379 60 30 1 
CPAMD8_Ex32 TGTGTCAAAAGTCCCCAGTG GAGCTCAAAACAAGGACTGC CPAMD8 exon 32 248 60 30 2 
CPAMD8_Ex34 ACTGGCCAACTCAGTCTCAG GGCTGAAAACCTGTCCTGC CPAMD8 exon 34 488 58 30 1 
CPAMD8_Ex39 GGGATCACGTTTCTTCTGTG ATGCTGCGTTCTCCTGACTT CPAMD8 exon 39 562 60 30 1 
CPAMD8_Ex40 GGACCTCCCATTAACTGTCG GCTTCACGTCCTGCTGTAAA CPAMD8 exon 40 573 56 30 1 
CPAMD8_4-10 ATTCATCCAGACGGACAAGC ACCTCGTGGCTGTAGTACCC CPAMD8 exons 4-10 450 60 30 1 
CPAMD8_27-31 GACCTACAAGCGCCAGGAT ACGTCCCAGGAATTTGACAG CPAMD8 exons 27-31 504 60 30 1 
CPAMD8_Ex42a AGCAGGACGTGAAGCTGAAT AGACGAAGACAGGGCTCAGA RT-PCR 1a specific 243 58 30 1 
CPAMD8_Ex42b CTGGGCATCATTTTCCTGGG TTTCAGAGAAACGCAGCCTG RT-PCR 1b specific 190 60 30 1 

CPAMD8_32-35 CATATGACACACCAACCTGGCTGTC CATATGGAACCATTTGAACCCAGGA
G 

CPAMD8 exons 32-35 
(minigene) 1605 64 90 1 

CPAMD8_3UTR GGAACCTGGAAAGCAGCAC CATGTGAGTAAGATCAGTAACGTGT CPAMD8 3’UTR  (ISH  
Probe A) 356 58 30 1 

CPAMD8_4-10 ATTCATCCAGACGGACAAGC CCACAGGTTTCCCAAAGGTA CPAMD8 4-10 (ISH 
Probe B) 392 60 30 1 
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CREBBP_Ex24 TCACCTGCTCCTTCTGGACT ACTGCTCGCAGAGCACTGTA CREBBP exon 24 215 64 30 2 
CRYGC_Ex3 TGACAATTCCATGCCACAAC CAACGTCTGAGGCTTGTTCA CRYGC exon 3 594 60 30 1 
CSN2_Ex5 AGTTACCCATGAAGTGAGTGGA TCTTGAATGAAACAGCAAAGCC CSN2 exon 5 785 58 30 1 
CUL4B_5UTR AAGACACAATCCCTCCCCAG GGAGGATCCGTTGTGTTCTTC CUL4B 5UTR 399 63 30 1 
CYP1B1_Ex1 CCCTCCTTCTACCCAGTCCT ATCCATCTGAAGAGGTCGCC CYP1B1 exon 1 469 56 30 1 
CYP1B1_Ex2a CACGCCTTCTCCTCTCTGTC AAACACACGGCACTCATGAC CYP1B1 exon 2 655 56 30 1 
CYP1B1_Ex2b TGATGCGCAACTTCTTCACG TCTGTCTCTACTCCGCCTTT CYP1B1 exon 2 656 56 30 1 
CYP1B1_Ex3 TTTGCTCACTTGCTTTTCTCTC TGAGAAGCAGCACAAAAGAGG CYP1B1 exon 3 731 56 30 1 
DCAF8_Ex4 ACTCCTTCCTCACTAACATGCA ATCAGCTCCCAATCCATGCT DCAF8 exon 4 781 58 30 1 
DDB1_Ex7 CCAGTAGGGTTTGTTTTCTGG GGAACAGGGAGAACAAGCTC DDB1 exon 7 250 56 30 1 
DIP2B_Ex26 AAAAGCACAAGCCTTTCAGG AGTCTGCCAATCCAATGCTT DIP2B exon 26 247 56 30 1 
EDB CAACTTCAAGCTCCTAAGCCACTGC GGTCACCAGGAAGTTGGTTAAATCA EDB exons 200 60 30 1 
EIF4G2_Ex13 CTTTAGTTTTGAGAGTTGTCCGT TGAGCCAAGCCATAAAGTTAGT EIF4G2 exon 13 398 58 30 1 
EP400_Ex30 GGTTTCCCAACATTTTCCAA TCCTGCAAAGCTTCTCATTG EP400 exon 30 361 58 30 1 
ERCC3_Ex5 CTTCTTCCTCCCCTGCTTG TCTGTCACTCGGGAAGTGG ERCC3 exon 5 398 56 30 1 
ERCC6_3’UTR TCCTTTAAGCAGAGGGCATC CATGTCCTCTCATGCAGTCC ERCC6 3’UTR 693 56 35 1 
ERCC8_Ex2 TTGTCCATTAGATGTCCTCAGC CCCTCTGCATCCAAAAGAAG ERCC8 exon 2 644 56 35 1 
FOXC1_aF CGCCTGCTTGTTCTTTCTTT ATGTAGCTATAGGGCGGCTTC FOXC1 exon 1 589 60 40 2 
FOXC1_cF/bR GTCCAGCCCCAACTCCCT CGGCTCCTTGAGGTGC FOXC1 exon 1 562 64 40 2 
FOXC1_e GGCGCTTCAAGAAGAAGGAC CTGAAGCCCTGGCTATGGT FOXC1 exon 1 412 60 40 2 
FOXC1_f AAGATCGAGAGCCCCGAC CAGAAGGCCGGAGCTGAG FOXC1 exon 1 234 64 40 2 
FOXC1_g ACCATAGCCAGGGCTTCAG CAGGTTGCAGTGGTAGGTCC FOXC1 exon 1 284 64 40 2 
FOXC1_h GAGCTCCCTCTACAGCTCCC GTGACCGGAGGCAGAGAGTA FOXC1 exon 1 240 62 40 2 
FOXC1_i CAAGCCATGAGCCTGTACG GGGTTCGATTTAGTTCGGCT FOXC1 exon 1 502 60 40 2 
GABRA1_3’UTR TATGGCAGATGCATGTGTTG GTGCTCAGATGCAACCTCAA GABRA1 3’UTR 479 56 30 1 
GABBR1_Ex15 CCTTTGTCCTCCTTCCCTTC AGGCAGACAAGGAAAACGTC GABBR1 exon 15 244 56 30 1 
GCNT2_Ex3 TCACCCTTTTGAAAGCAAGC GCTGCAGTTTCCCTTCAGTC GCNT2 exon 3 287 60 30 1 
GCNT3_Ex3 AGCCCAGATGAACACCTCTG AGGGGTGAGAGAACAAGCAG GCNT3 exon 3 545 58 30 1 
HSPB1_Ex3 CTTGCCTTTCCTCTCTGCAC ACAGGTGGTTGCTTTGAACT HSPB1 exon 3 338 58 30 1 
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IQSEC2_Ex1 GACACTACCGGTTACACAGC AGAGGAAGACACGGAACCAG IQSEC2 exon 1 385 67 30 2 
LRRFIP1_Ex8 GACTGGTCATTCATCCGCTC CAGATGTGGAGACTGCGAAA LRRFIP1 exon 8 572 58 30 1 
LTBP2_5UTR2 TTCCCTCTCCCATGCTCA GGCCTGGTGTGGATAAAAGA LTBP2 5UTR 849 59 45 1 
LTBP2_5UTR3 GACCCGGACGGTTTTATTTT AGAGGACCCCTCTTCTACCG LTBP2 5UTR 697 67 45 2 
LTBP2_cDNA11F TGTCGGACAAGGCAATCTC - LTBP2 cDNA exon 11 internal primer (for sequencing) 
LTBP2_cDNA12F CATCCCTGACAAGGGTGACT - LTBP2 cDNA exon 12 internal primer (for sequencing) 
LTBP2_Ex1a GCCGACCACAAAGCTCTTC GAGTGCTTCTCCGGGTCTG LTBP2 exon 1 434 60 30 1 
LTBP2_Ex1b TGCAGCCAAGGTGTACAGTC CCCCTCTGTACCCTCCAAAC LTBP2 exon 1 342 66 30 1 
LTBP2_Ex2 GATGTGCAGAGAATGGCAGA GCGGAGTGTCTGCTACTGGT LTBP2 exon 2 286 60 30 1 
LTBP2_Ex3 AGAGTGGCTTCCTGCTTGAG CTTCACCAAACGGTCCAAAG LTBP2 exon 3 476 60 30 1 
LTBP2_Ex4 GCAGCCAGAGAGCATTTTTC AACTCAGCCCCTCTGTGAGA LTBP2 exon 4 403 60 30 1 
LTBP2_Ex5 AATGCCCTTGAGATGAATGC CTGGCTCTCTGGCCATCTAC LTBP2 exon 5 349 60 30 1 
LTBP2_Ex6 GCCTGTTTCTCTGTGGTGGT CAGCTTCCCTATCCCTGTCA LTBP2 exon 6 386 60 30 1 
LTBP2_Ex7 TGGTGGATACCCTTCAGAGG GAGGAGGAGAAGGGCAGACT LTBP2 exon 7 441 60 30 1 
LTBP2_Ex8 AATGTGGGGAGTGAGCTCTG AAGGCAGGTCTGGGAAGTCT LTBP2 exon 8 351 60 30 1 
LTBP2_Ex9 AGGTGGGCTGAGAGGAGTCT TAGTCCCCTGGAATCAGCAG LTBP2 exon 9 415 58 30 1 
LTBP2_Ex10 CGGGCACTTGGTCATCTCCT GTGATCAGGTCTGGGGAAAA LTBP2 exon 10 262 58 30 1 
LTBP2_Ex11 GCTCCAAACTTCCCAACTGA GGTTGGGATAAGCACGTGAG LTBP2 exon 11 444 58 30 1 
LTBP2_Ex12 TCACGTGCTTATCCCAACCT AGGGACCCAGGATTAACACC LTBP2 exon 12 447 58 30 1 
LTBP2_Ex13 GCTCACGCTGTTACCTTTCC TCCTCCCACTTGGTCATCTC LTBP2 exon 13 203 63 30 1 
LTBP2_Ex14 CAGAGGAGCCAAAAGTGACC TCCTTCTCACCCTCCTCTGA LTBP2 exon 14 206 58 30 1 
LTBP2_Ex15 CTCTAAGTGGGGCCAGATCA CCTGCTGGGGACTTTACCTA LTBP2 exon 15 397 63 30 1 
LTBP2_Ex16 CACCCTGCCATAACCTCTGT TGCTTGGACCTTCTGCTTCT LTBP2 exon 16 271 58 30 1 
LTBP2_Ex17 GGCTGACTTTATGGCTTCCA CAGGCTGGAGTTCTGGTCTC LTBP2 exon 17 457 58 30 1 
LTBP2_Ex18 ATCCTTTGTCCTTGGCCTCT GAATGTCACTGAGGGGATGG LTBP2 exon 18 406 58 30 1 
LTBP2_Ex19 AGGGACAAGGATTTGCTGTG ACCTCTTTCCCTTTCCGTGT LTBP2 exon 19 287 58 30 1 
LTBP2_Ex20 CCCTGGCCTCATAACTGAGA GGATGTGTTGGGTCAGTGTG LTBP2 exon 20 350 58 30 1 
LTBP2_Ex21 CTGCAGAGTCCCACACAGAA TATTCTGTCCCCTTCCACCA LTBP2 exon 21 202 58 30 1 
LTBP2_Ex22 TCCCCAAGTTCAGAGTGAGG AGCTTGTGAGCGACTCTTGG LTBP2 exon 22 466 58 30 1 
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LTBP2_Ex23-24 GGAGACTTCCCCCTTGACTC GCTGGCTTCCCATGCTCCTG LTBP2 exons 23-24 475 58 30 1 
LTBP2_Ex25 GCCCAGAGGAAGCTACACAG GAGCTAAGGACCAGGCAGTG LTBP2 exon 25 273 58 30 1 
LTBP2_Ex26 GGAAATCGTCCTGACCTTGA TGAAAAGCAGCCTCTCAACC LTBP2 exon 26 492 58 30 1 
LTBP2_Ex27 GTGCATGCGTGTGAGAGAGT CAGGACCAGTTGAGGAGGAG LTBP2 exon 27 298 63 30 1 
LTBP2_Ex28 AAGGCCTAGCCTGCTTCTTT CCTGTAGCTCCTGGTTTTGC LTBP2 exon 28 447 58 30 1 
LTBP2_Ex29-30 CCTTAGAGGGTCATGAACAGACA CCCACTCAGGTGAAGGAGTT LTBP2 exons 29-30 489 58 30 1 
LTBP2_Ex31 CCCTCATACTGCCTCTCACC TCCTGGGGACAATCTCTGAC LTBP2 exon 31 356 58 30 1 
LTBP2_Ex32-33 TGATAGGCAAACACCCTTCC CCTGCAGGGTATCCCCTTTG LTBP2 exons 32-33 499 58 30 1 
LTBP2_Ex34 TTAGCTGGCAGGAGCTAGAA GGTGGAGGAGATGGAAGTGA LTBP2 exon 34 400 63 30 1 
LTBP2_Ex35 AGTCTGGACACAGCCCTCAG TCTTCCAGCCTTCCTGAGTT LTBP2 exon 35 279 58 30 1 
LTBP2_Ex36 CTTGGGCATGGTATGAGCTT AACCTCTGGCCTGATGTCAC LTBP2 exon 36 450 58 30 1 
LTBP2_Ex9-21 CTGGAGTGTCCTCAGGGGTA TTCACCCAGTACCCGTTCTC LTBP2 exons 9-21 1,439 62 90 2 
LTBP2_Ex10-20 CAGCTACCTGTGCACATGCA TAGGTTGGTGCACTTTCCATG LTBP2 exons 10-20 1,161 64 90 2 
MTHFD1L_Ex24 TCAGTGTTAGGGAGCGAAGT GTGTTGGGATTACAGGCGTG MTHFD1L exon 24 426 58 30 1 
NDUFS1_Ex8 TTCTAGGACTGTGCTCACCTTT AGCAGAAACTGGCTAAATGACA NDUFS1 exon 8 670 58 30 1 
NHS_Ex1c TGGCTGGACTGATTTGCTAG AAGGCGAGAGTAGTAAGGTG NHS exon 1 890 65 45 2 
NHS_Ex1a AAGTCCCACTGCAACCTAAAC AAGTGGCTACAGCACAAGCC NHS exon 1a 489 60 45 2 
NHS_Ex2 AATGTGAATGCAGTAGTCTGG TTTGACAAGTGCAGACATCTG NHS exon 2 519 60 45 1 
NHS_Ex3 TACAGCCTTTTGCTAACACTC AGACAAACTGATGTTTCCTCAG NHS exon 3 281 56 45 1 
NHS_Ex3a ATACACTGTGTTGTGTGCACG TCTGGACAGAGTGGGATAGG NHS exon 3a 210 60 45 1 
NHS_Ex4 TGCTTATGTATAAACTATGATGGC AAAAGCATATCGAACATCCTCTG NHS exon 4 397 56 45 1 
NHS_Ex5 TATTTGTTCACAGGCTTAACCC TTCTATTTCATCTCCCTATCATC NHS exon 5 327 53 45 1 
NHS_Ex6a ACATAGCTCAGAATGTCTGTTG AAGTGGTCATTGTATTGCTCTG NHS exon 6 901 58 45 1 
NHS_Ex6b TCGGAGTTGTCACTAAACACAG TGAATGGTGGAATATCCGAAGC NHS exon 6 814 60 45 1 
NHS_Ex6c TTCTTGGATAAACCAGAGTGAAC TGTCTTCAGTGGAGTATTGACG NHS exon 6 857 60 45 1 
NHS_Ex6d ATTTAGAGGAAAGCACACTCAC AATTCCAGGAAGTGCCATGAG NHS exon 6 790 60 45 1 
NHS_Ex7 TGAGTAAGCTTTGACAGGTATC TTGCATTTGTGAGAAGTACCTG NHS exon 7 364 57 45 1 
NHS_Ex8 TGAATGCGACTGAATACTTCAG ATTCATTGCTTAGCAGTGATGC NHS exon 8 807 60 45 1 
NHS6 ATTTAGAGGAAAGCACACTCAC TGTCTTCAGTGGAGTATTGACG NHS exon 6 (qPCR) 102 60 30 1 
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NUP205_Ex29 TCACTCTAATTTGCCCTTGTCC AGGTCTCTGGGCAATCTGTA NUP205 exon 29 469 58 30 2 
PAK3_Ex1 AGCAGAGAAGGGCTAGGGAG GTCTAGGGTTTGACCAAGCG PAK3 exon 1 529 60 30 1 
PCDH8_Ex1 GCATCCGAGACGTCAATGAC AGCGTCTCATAGTCGAAGCT PCDH8 exon 1 688 58 30 1 
PCNX_Ex6 GCACCACTTCTCATTCCTGTC ACTTACCTCCACTGACTGCA PCNX exon 6 438 58 30 1 
PGM2_Ex5 GAGAAGCAGTTGGAGGGAGT CATGCCAACTTGCTCCCTTT PGM2 exon 5 298 58 30 1 
PLA2R1_Ex14 TGATGGGAAAGGCAAAGCTT TGCAGTTTTGTCATGGGAGC PLA2R1 exon 14 243 58 30 1 
PSMB6_Ex5 CGTGTGTTGGAGGGAGGATA TGAAGCTCATAGGCCCAGAA PSMB6 exon 5 231 58 30 1 
RGAG1_Ex4 GCAAAGTGTCTTGATCTGCTAAG AAGGGTGAAGGCAACAAGG RGAG1 exon 4 332 60 30 1 
RUNDC3A_Ex9 ACTGACCCCAACACCGTATC GCTCATGAAGCTGTGTCTGC RUNDC3A exon 9 383 58 30 1 
RYR2_Ex78 TGCTGTCCTTCACAGTGCTT AGGAACCCTCCCAACCATAC RYR2 exon 78 204 56 30 1 
SEMA3E_3’UTR GCAAGTGGATTACACAGGAGAA TCCAAATTGAGCAGGCTTTT SEMA3E 3’UTR 380 56 30 1 
SEPT2_Ex9 CTTTCCTCTTCACATGCTGCT GACTGGCTTTGCGATCTCAA SEPT2 exon 9 398 58 30 1 
SHANK3_Ex14 CCTCACACAGGTACGTGCAG AGCTGAAGACATCCCTGAGC SHANK3 exon 14 392 63 30 1 
SLC22A18_Ex4 CAGACTCCCAGCTCAGTGAA GGTCCGTGATGACCATCTG SLC22A18 exon 4 634 58 30 1 
SMARCA1 Ex16 TGCCTTCTTTGGAATATGATTG TCCAGCATGAAAATAAAATGC SMARCA1 exon 16 239 56 30 1 
Splicecon CACTTCGACCTGAGCCACGGC CTTGAAGTTGACCGGGTCCAC EDB vector backbone 180 60 30 1 
STC1_Ex4 TGACCACCATATGCACTCTCT ACCAGGCACAGTACACTCAA STC1 exon 4 389 58 30 1 
STIP1_Ex1 GAGCGAGAGGGAAAGCAAC GGCGCTCCTCTATAAACCCA STIP1 exon 1 371 58 30 1 
TAC3_Ex6 TTGAACACTGCCCGTCATAG AGATGAAAGACGGGGGATG TAC3 exon 6 376 58 30 1 
TCP1_Ex3 GGCTTGGATAAAATGTTGGTGG TCTTCTTGCTCAATCTTCTGGG TCP1 exon 3 485 58 30 1 
UROC1_Ex12 CTGTGTGTGGCTTGCACTG AGAACTAGGTGGTGGCCAGA UROC1 exon 12 300 56 30 1 
VWA5B1_Ex5 CTGGCTGGTCTCCTTTCCTT GGCCAGTTGGCTTTCCTT VWA5B1 exon 5 281 58 30 1 
The following abbreviations are used: Ta, annealing temperature; Ext, extension. 
Reagent: 1=GoTaq® Green Master Mix; 2=KAPA2G Robust ReadyMix; and Q5=Q5 Hot Start High-Fidelity Master Mix (see chapter 2). 
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Appendix B. Cataract gene list 
ABCD1+ BIN3 CRYAA DHCR7 FTL HCCS LMX1B NOD2 POMGnT1 SLC16A12 
ABCD3 BUB1B CRYAB DICER1 FTO HIP1 LOC619404 NOG POMT1 SLC25A15 
ADAM9 CASR CRYBA1 DMPK FYCO1 HMX1 LOXL1 NR2E3 POMT2 SMARCA4 
ADAMTS10 CAT CRYBA2 DNASE2B FZD4 HRAS LRP2 NRCAM PORCN SORD 
ADAMTS18 CATC3 CRYBA4 DOCK5 GALE HSF4 LRP5 OAT PQBP1 SOX2 
ADAMTSL4 CATM CRYBB1 EBP GALK1 HSPG2 LSS OCRL PROX1 SPARC 
ADPCZNC CC2D2A CRYBB2 EFNA5 GALT IDO1 LTBP2 OPA3 PTCH1 SRD5A3 
AFF1 CCA1 CRYBB3 EPG5 GCM2 IFNGR1 MAF OTX2 PTEN TDRD7 
AGK CCNP CRYGA EPHA2 GCNT2 IKBKG MAN2B1 PAX6 PTH TFAP2A 
AGPS CCPSO CRYGB ERCC2 GFER ITGB1 MIP PCBD1 PVRL3 TGFB3 
AIC CCV CRYGC ERCC6 GJA1 ITM2B MIR184 PEX1 PXDN TGFBI 
ALDH18A1 CDKN2A CRYGD ERCC8 GJA3 JAM3 MMP1 PEX10 PXMP3 TMEM114 
ALDH1A1 CECR CRYGEP1 ESCO2 GJA8 JBS MTHFR PEX12 PYCR1 UNC45B 
ANK2 CHMP4B CRYGFP ESR1 GJB6 KCNJ13 MVK PEX13 RAB3GAP1 USH1C 
APOA1 CLOCK CRYGS ETFDH GJE1 KLC1 MYH9 PEX14 RAB3GAP2 VCAN 
APOE CNBP CRYZ EYA1 GLA KNO3 MYO7A PEX16 RECQL4 VIM 
ARCC1 CNGB3 CTAA1 FAM126A GNAS LAMB2 MYP4 PEX26 RP2 VLDLR 
ARSE COL11A1 CTAA2 FBN1 GNPAT LAMP2 NAT2 PEX3 RPE65 VSX2 
ATM COL18A1 CTDP1 FDFT1 GPR161 LARGE NBN PEX5 SALL4 WBS2 
ATOH7 COL2A1 CTNND2 FIGN GPX1 LCA5 NCOA6 PEX6 SC5DL WFS1 
B3GALTL COL4A1 CTPL1 FKRP GSTM1 LCT NDP PEX7 SEC23A WNT3 
BCOR COL4A5 CTPP5 FKTN GSTT1 LGR4 NEU1 PHARC SIL1 WRN 
BEST1 COL4A6 CYP27A1 FLNB GTF2IRD1 LGSN NF2 PITX3 SIX5 XRCC1 
BFSP1 COL7A1 DCR FOXE3 GUCY2D LIM2 NHS POLG SIX6 YWHAE+ 
BFSP2  
Listed are genes obtained from Cat-Map (section 2.2.2.5) 
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Appendix B. Cataract candidate gene list (continued) 
ABCA1 BMP4 CLRN1 DMBX1 G6PD IGF2 MIPEP PEX2 SCN4A TF 
ABCA3 BMP6 COG6 DMD GAPDH IL13 MIRLET7B PEX5L SCO2 TGFB2 
ABCB4 BRCA2 COL4A4 DNAH8 GBA2 IL1A MMP3 PHB2 SDHB TGFBR2 
ABHD12 C19orf26 COMT DNASE2 GDF3 IL1R1 MRGPRX3 PITX2 SERPINE1 TGM2 
ACE C1orf110 CP DNM2 GDF6 IL1RN MSMO1 PLAT SERPINF1 TJP1 
ACO1 CALCA CPOX DPP3 GFI1B IL4 MSRA PLEK SGCB TKT 
ACTB CALM1 CRP DPP7 GGT1 IL6 MSRB1 POLB SHH TMED3 
ACTG1 CALM2 CRYBB2P1 DUSP19 GHR INS MTHFS POLR2L SIRT1 TMEM235 
ADAM1A CALM3 CRYGN DYNC1H1 GJB2 IREB2 MYH6 PON1 SIX1 TMEM70 
AKR1A1 CAPN10 CRYM EGF GPT KEAP1 MYOC PON3 SLC25A4 TNC 
AKR1B1 CAPN15 CRYZ EGFR GPX3 KRT14 MYOT PPARD SLC2A1 TNF 
AKR1E2 CAPN2 CSPG2 ERCC1 GSR KRT8 NAGLU PRDX5 SLC33A1 TNPO1 
ALB CASP3 CST3 ERCC3 GSS LAMA3 NAT1 PRDX6 SLC4A4 TPT1 
ALDH1A3 CASP9 CTGF ERN1 GSTA4 LEP NDRG2 PRG4 SLPI TRAP 
ALDH3A1 CAV1 CTNS ESD GSTM3 LEPREL1 NFE2L2 PRSS56 SLURP1 TTR 
ALDH9A1 CBS CTRCT25 EZR GSTO2 LMNA NIN PSEN1 SNAI2 TUBB 
APEX1 CCBL1 CTRCT27 F11 H6PD LOR NR3C1 PSEN2 SOD1 TXN 
AQP12B CCDC102A CTRCT29 FAM19A1 HADHA LRPAP1 NUDT6 PSIP1 SOD2 TYR 
ARFGAP1 CCT CTRCT34 FCP1 HFE LTBP1 OCA2 PTGS2 SOD3 UCHL1 
ASMD CD36 CTRCT35 FGF2 HMOX1 LTF OFC1 PTH1R SOLH UMOD 
ATP2A1 CDH2 CTRCT37 FGFR2 HP MAFB OGG1 RAB18 SPG9 VANGL2 
ATP2A2 CDKL5 CTRL FH HSP90AA2 MAFIP OPA3 RAX SREBF2 VARS 
ATP2A3 CEP89 CTSA FLNA HSPA4 MAPK10 PARP1 RECQL2 ST3GAL4 VEGFA 
ATP7A CGI58 CXADR FLVCR2 HSPB1 MBNL1 PCMT1 RHO ST8SIA4 WNT2 
ATP7B CHMP4A CYCS FN1 HSPB2 MCOPCT1 PCNA RNF8 STRA6 WT1 
ATR CHP1 CYP51A1 FOS HSPD1 MDCMP PEX11B RNLS SULT1A1 XDH 
AUH CIB2 DCTN3 FOXC1 HTR3A MFRP PEX11β RPL21 TALDO1 XPNPEP1 
BLM CLCN1 DES FOXD3 ICAM1 MFSD6L PEX19 RPS27A TBC1D20 ZNF9 
BLZF1 CLCN5 DFCTRPS FUCA1 IGF1 MGST1  
This extended table of candidate cataract genes was generated using the KEGG disease database (section 2.2.2.14), OMIM (section 2.2.2.18), GeneCards 
(section 2.2.2.11), and with reference to a previous report (Gillespie et al., 2014) 
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ACV1B BMP15 CHRD EYA1 GDF3 LTBP1 MYH7 RUNX2 SMURF2 UBE2D3 
ABCB6 BMP2 CHRDL1 FAM83G GDF5 LTBP2 MYOC RYR SOST USP15 
ACVR1 BMP3 CHRDL2 FBN1 GDF6 LTBP3 NBL RYR2 SOSTDC1 USP9X 
ACVR1C BMP4 CHX10 FGF8 GDF7 LTBP4 NKX2-5 SCX SOX14 USP9Y 
ACVR2A BMP5 COL4A1 FOXC1 GDF8 MADH5 NOG SHH SOX2 VSX1 
ACVR2B BMP6 CYP1B1 FOXC2 GDF9 MAF OTX1 SIX3 STRA6 VSX2 
ACVRL1 BMP7 DAND1 FOXE3 GJA8 MAPK3 OTX2 SKI TDGF1 WNT1 
ADAMTSL4 BMP8A DAND5 FST GREM1 MEGF8 PAX2 SLC39A5 TENM3 WNT2B 
AHR BMP8B DKFZP586H0919 FSTL1 GREM2 MEIS1 PAX6 SMAD1 TFAP2A WNT3A 
ALDH1A3 BMPR1A DLX5 GATA4 HFE2 MEIS2 PITX2 SMAD4 TGFBR1 WNT5A 
ALPHA-MHC BMPR1B DSG4 GDF1 ID1 MITF PITX3 SMAD5 TGFBR2 ZCCHC12 
AMHR2 BMPR2 ECSIT GDF10 JAG1 MLL2 POU5F1 SMAD6 TGFBR3 ZCCHC18 
B3GALTL C10ORF54 EGR1 GDF11 LEF1 MSX1 RAX SMAD7 TMEM100 ZFP128 
BCOR CER1 ENG GDF15 LMX1B MSX2 RGMA SMAD9 TWSG1 ZFYVE16 
BMP1 CFC1 ETV2 GDF2 LRP2 MYH6 RGMB SMURF1 UBE2D1 ZNF8 
BMP10 CHD7  
The table of candidate ASD genes and genes in bone morphogenetic protein (BMP) pathway was generated using the KEGG disease database (section 2.2.2.14), OMIM 
(section 2.2.2.18), GeneCards (section 2.2.2.11), MGI (section 2.2.2.15), QuickGO (section 2.2.2.22), and previous publications (see sections 1.1 and 1.2). 
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Appendix D. Cornea proteome gene list (Dyrlund et al., 2012)                                                                                                                        
A1BG ACO2 ADH1A AIMP2 AMER2 AP1S2 APP ARL8A ATL3 ATP6V1E2 BDH2 C12orf10 C4B_2 
A2M ACOT13 ADH1B AIP AMH AP2A1 APPL1 ARL8B ATOX1 ATP6V1F BGN C12orf57 C5 
AAMDC ACOT9 ADH5 AK1 AMPD3 AP2A2 APPL2 ARMC10 ATP10A ATP6V1G1 BICD2 C14orf1 C5orf34 
AARS ACOX3 ADH7 AK2 ANAPC4 AP2B1 APRT ARMC4 ATP1A1 ATP6V1H BLK C14orf166 C6 
ABAT ACP1 ADI1 AK3 ANAPC5 AP2M1 AQP1 ARMC5 ATP1A2 ATPIF1 BLMH C15orf40 C6orf132 
ABCA1 ACR ADIRF AK4 ANG AP2S1 AQP3 ARMC7 ATP1B1 ATRIP BLOC1S1 C16orf13 C6orf89 
ABCA6 ACSL1 ADK AKIRIN1 ANGPTL7 AP3B1 ARAP2 ARPC1A ATP1B3 ATRN BLOC1S5 C16orf62 C7 
ABCB6 ACSL3 ADPRHL2 AKR1A1 ANK2 AP3D1 ARCN1 ARPC1B ATP2A2 ATXN2L BLVRA C19orf68 C7orf55 
ABCC11 ACSL4 ADRM1 AKR1B1 ANKK1 AP3M1 ARF1 ARPC2 ATP2B4 AZGP1 BLVRB C19orf70 C7orf73 
ABCE1 ACSM2A ADSL AKR1B10 ANKRD24 AP3S1 ARF4 ARPC3 ATP5A1 B2M BMP1 C1orf116 C8A 
ABCF3 ACTA2 ADSS AKR1C1 ANKRD28 AP4S1 ARF5 ARPC4 ATP5B BAD BMP3 C1orf123 C8B 
ABHD10 ACTB AEBP1 AKR1C2 ANKRD30B APCDD1 ARF6 ARPC5 ATP5C1 BAG1 BOLA2 C1orf87 C8G 
ABHD11 ACTBL2 AFG3L2 AKR1C3 ANKRD44 APCS ARFGEF1 ARPC5L ATP5D BAG3 BOLA2B C1QA C9 
ABHD12 ACTC1 AFM AKR7A2 ANP32A APEH ARFIP1 ARPIN ATP5EP2 BAG5 BPNT1 C1QB C9orf131 
ABHD14B ACTL6A AGAP2 ALAD ANP32B APEX1 ARFIP2 ASAH1 ATP5F1 BAHD1 BRE C1QBP C9orf142 
ABI1 ACTN1 AGL ALB ANP32E API5 ARG1 ASCC3 ATP5H BAIAP2 BROX C1QC CA2 
ABI3BP ACTN2 AGO1 ALCAM ANPEP APMAP ARHGAP1 ASH1L ATP5I BANF1 BSG C1R CA3 
ACAA1 ACTN4 AGO2 ALDH16A1 ANXA1 APOA1 ARHGAP5 ASIP ATP5J BARD1 BSN C1RL CA4 
ACAA2 ACTR10 AGPAT2 ALDH1A1 ANXA11 APOA1BP ARHGDIA ASL ATP5J2 BASP1 BTBD19 C1S CAB39 
ACACB ACTR1A AGR2 ALDH1A2 ANXA2 APOA2 ARHGDIB ASMTL ATP5L BAX BTF3 C2 CAB39L 
ACAD11 ACTR1B AGRN ALDH1B1 ANXA3 APOA4 ARHGEF10L ASNA1 ATP5O BAZ2A BTF3L4 C20orf27 CACNG6 
ACADM ACTR2 AGT ALDH1L1 ANXA4 APOBEC3A ARHGEF16 ASPH ATP5S BBOX1 BTN2A1 C21orf33 CACYBP 
ACADSB ACTR3 AHCY ALDH2 ANXA5 APOBEC3C ARHGEF3 ASPM ATP6V0A1 BCAM BTN3A1 C2CD3 CAD 
ACADVL ACTR3B AHCYL1 ALDH3A1 ANXA6 APOC1 ARID4B ASS1 ATP6V0C BCAN BUB3 C2CD4A CADM1 
ACAP2 ACVRL1 AHNAK ALDH3A2 ANXA7 APOC2 ARL1 ATAD1 ATP6V0D1 BCAP31 BZW1 C2orf40 CALM1 
ACAT1 ACY1 AHNAK2 ALDH6A1 ANXA8 APOC3 ARL2 ATAD3A ATP6V1A BCAS2 BZW2 C2orf42 CALM2 
ACAT2 ACYP1 AHSA1 ALDH7A1 AP1B1 APOD ARL2BP ATG3 ATP6V1B1 BCKDHB C10orf32 C2orf71 CALM3 
ACBD3 ADAM10 AHSG ALDH9A1 AP1G1 APOE ARL3 ATG7 ATP6V1B2 BCL10 C11orf31 C3 CALML3 
ACIN1 ADAR AIFM1 ALDOA AP1G2 APOH ARL6IP1 ATG9A ATP6V1C1 BCL2L1 C11orf54 C3orf38 CALML5 
ACLY ADARB1 AIM1 ALDOC AP1M2 APOL1 ARL6IP5 ATIC ATP6V1D BCL2L13 C11orf68 C4A CALR 
ACO1 ADCY8 AIMP1 AMBP AP1S1 APOO ARL6IP6 ATL2 ATP6V1E1 BCLAF1 C11orf73 C4B CALU 
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Appendix D. Cornea proteome gene list (continued)                                                                                                                       
CAMK2G CBX3 CD59 CFB CHST7 CLTA COL27A1 COMT CPNE3 CRYL1 CTSV DAPL1 DDX21 
CAMSAP2 CCAR1 CD5L CFD CHTOP CLTB COL28A1 COPA CPPED1 CRYZ CTSZ DARS DDX39A 
CAND1 CCAR2 CD63 CFH CIAO1 CLTC COL2A1 COPB1 CPQ CS CTTN DAZAP1 DDX39B 
CANX CCBL2 CD81 CFHR1 CIAPIN1 CLU COL3A1 COPB2 CPSF1 CSAD CTTNBP2 DBI DDX3X 
CAP1 CCDC105 CD9 CFHR2 CIRBP CLUH COL4A1 COPE CPSF3L CSDE1 CTXN1 DBNL DDX46 
CAPG CCDC186 CD99 CFI CISD1 CMBL COL4A2 COPG1 CPSF6 CSE1L CUL1 DBT DDX5 
CAPN1 CCDC22 CDC37 CFL1 CISD2 CMPK1 COL4A3 COPG2 CPT2 CSK CUL2 DCAKD DDX6 
CAPN13 CCDC25 CDC42 CFL2 CKAP4 CNBP COL4A4 COPS2 CPXM2 CSNK1A1 CUL3 DCD DDX60 
CAPN2 CCDC33 CDC42BPB CFP CKAP5 CNDP2 COL4A5 COPS3 CRABP1 CSNK1A1L CUL4B DCN DDX60L 
CAPN5 CCDC53 CDC5L CGB CKB CNN2 COL4A6 COPS4 CRABP2 CSNK2A1 CUL5 DCPS DECR1 
CAPNS1 CCDC59 CDC6 CGB5 CKM CNN3 COL5A1 COPS5 CRADD CSNK2B CUTA DCTD DEFA1 
CAPNS2 CCDC74A CDH1 CGB7 CKMT1A CNOT1 COL5A2 COPS6 CREB3L1 CSRP1 CWC15 DCTN1 DEFA1B 
CAPRIN1 CCDC88B CDH11 CGB8 CKMT1B CNP COL5A3 COPS7A CRH CSRP2 CXADR DCTN2 DEK 
CAPS CCIN CDH13 CHAD CLC CNPY2 COL6A1 COPS8 CRIP1 CST3 CXCL14 DCTN3 DENR 
CAPZA1 CCP110 CDHR1 CHCHD2 CLCA4 CNTRL COL6A2 COPZ1 CRIP2 CST4 CYB5A DCTN5 DERA 
CAPZA2 CCS CDIPT CHCHD3 CLDN1 COA3 COL6A3 CORO1B CRK CST6 CYB5R1 DCTPP1 DERL1 
CAPZB CCSER1 CDK16 CHD4 CLDN23 COASY COL6A5 CORO1C CRKL CSTA CYB5R2 DCUN1D1 DES 
CARHSP1 CCT2 CDK5R2 CHEK1 CLDN3 COL10A1 COL7A1 COTL1 CRLF1 CSTB CYB5R3 DCXR DFFA 
CARKD CCT3 CDK5RAP1 CHI3L1 CLDN4 COL11A1 COL8A1 COX14 CRNKL1 CSTF3 CYB5R4 DDAH1 DGKA 
CARS CCT4 CDK5RAP3 CHID1 CLDN7 COL11A2 COL8A2 COX17 CRP CTNNA1 CYBRD1 DDAH2 DGKQ 
CASP3 CCT5 CDKN2AIP CHMP1A CLEC11A COL12A1 COL9A1 COX4I1 CRTAC1 CTNNA2 CYC1 DDB1 DHCR7 
CASP6 CCT6A CDT1 CHMP1B CLEC2L COL14A1 COL9A2 COX5A CRTC3 CTNNA3 CYCS DDB2 DHFR 
CASP7 CCT6B CDV3 CHMP2A CLEC3B COL16A1 COLEC12 COX5B CRYAA CTNNB1 CYFIP1 DDI2 DHRS1 
CAST CCT7 CEACAM18 CHMP2B CLIC1 COL17A1 COLGALT1 COX6B1 CRYAB CTNNBL1 CYLD DDOST DHRS4 
CATSPERG CCT8 CEBPZ CHMP3 CLIC3 COL18A1 COMMD1 COX6C CRYBA1 CTNND1 CYP3A43 DDR1 DHRS7 
CAV1 CD109 CELSR2 CHMP4B CLIC4 COL19A1 COMMD10 COX7A2L CRYBA4 CTPS1 CYP46A1 DDRGK1 DHRS7B 
CBLL1 CD14 CEP152 CHMP5 CLIC5 COL1A1 COMMD2 COX7C CRYBB1 CTSA CYP4F2 DDT DHX15 
CBR1 CD34 CER1 CHMP6 CLINT1 COL1A2 COMMD6 CP CRYBB2 CTSB CYTL1 DDTL DHX29 
CBR3 CD44 CETN2 CHP1 CLIP1 COL21A1 COMMD7 CPB2 CRYBB3 CTSC DACT1 DDX1 DHX9 
CBR4 CD46 CFAP20 CHST14 CLIP2 COL23A1 COMMD9 CPNE1 CRYGD CTSD DAD1 DDX17 DIABLO 
CBX1 CD55 CFAP58 CHST6 CLNS1A COL24A1 COMP CPNE2 CRYGS CTSS DAK DDX19A DIAPH1 
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Appendix D. Cornea proteome gene list (continued)                                                                                                                       
DIP2B DPM1 DYNLL1 EIF1AX EIF5A ERLIN1 F11R FAM98B FH FRZB GBE1 GMFB GOT1 
DIS3L DPM3 DYNLL2 EIF1B EIF5B ERLIN2 F12 FAM98C FHAD1 FSCN1 GC GMIP GOT2 
DKC1 DPP3 DYNLRB1 EIF2AK2 EIF6 ERMP1 F13A1 FANCD2OS FHIT FSD1 GCA GMPPA GP2 
DKK2 DPT DYNLT1 EIF2B1 ELANE ERO1L F2 FANCI FHL1 FSIP2 GCLC GMPPB GPD1L 
DKK3 DPY30 EBP EIF2B4 ELAVL1 ERO1LB F8 FARSA FHL2 FTH1 GCN1L1 GMPR2 GPD2 
DLAT DPYSL2 ECE2 EIF2S1 ELAVL3 ERP29 FA2H FARSB FIGNL1 FTL GDA GMPS GPHB5 
DLD DPYSL3 ECH1 EIF2S3 ELFN2 ERP44 FABP3 FASN FIS1 FUBP1 GDI1 GNA11 GPHN 
DLG1 DR1 ECHDC1 EIF2S3L ELMOD2 ESCO2 FABP4 FASTKD5 FKBP1A FUBP3 GDI2 GNA13 GPI 
DLK1 DRG1 ECHS1 EIF3A EMC2 ESD FABP5 FAU FKBP2 FUCA1 GDPD3 GNAI1 GPNMB 
DLST DRG2 ECI1 EIF3B EMC4 ESRP1 FABP7 FBL FKBP3 FUK GET4 GNAI2 GPS1 
DMBT1 DSC1 ECM1 EIF3C EMC6 ESRP2 FAH FBLN1 FKBP4 FUNDC2 GFM1 GNAI3 GPX1 
DMD DSC2 EDC4 EIF3D EMD ESYT1 FAHD1 FBLN5 FKBP5 FUS GFPT1 GNAL GPX2 
DNAH11 DSC3 EDF1 EIF3E EML2 ESYT2 FAM110A FBLN7 FKBP7 FXR1 GGACT GNAQ GPX4 
DNAH17 DSCR3 EEA1 EIF3F EML4 ETF1 FAM114A1 FBN1 FKBP9 FXYD3 GGCT GNAS GPX7 
DNAH3 DSG1 EEF1A1 EIF3G EMP2 ETFA FAM120A FBP1 FLG FYB GGH GNB1 GRB2 
DNAJA1 DSG2 EEF1B2 EIF3H ENO1 ETFB FAM129A FBXO2 FLG2 G3BP1 GGT5 GNB2 GRHPR 
DNAJA2 DSG3 EEF1D EIF3I ENO2 ETHE1 FAM129B FBXO22 FLII G3BP2 GHITM GNB2L1 GRIK5 
DNAJB1 DSP EEF1E1 EIF3J ENO3 EVPL FAM162A FBXO42 FLNA G6PD GID8 GNE GRIPAP1 
DNAJB11 DST EEF1G EIF3K ENOPH1 EWSR1 FAM169A FBXO45 FLNB GAA GIPC1 GNG12 GRN 
DNAJB2 DSTN EEF2 EIF3L ENPP1 EXOC1 FAM171A2 FDCSP FLOT1 GALE GJA1 GNG5 GRP 
DNAJB6 DTD1 EEF2K EIF3M ENSA EXOC2 FAM179A FDPS FLOT2 GALK1 GLG1 GNL1 GRPEL1 
DNAJC10 DTNBP1 EFEMP1 EIF4A1 ENY2 EXOC3 FAM184B FDX1 FMOD GALM GLIPR2 GNPDA1 GRXCR2 
DNAJC13 DTYMK EFEMP2 EIF4A2 EPB41L1 EXOC4 FAM186B FDXR FMR1 GALNT3 GLO1 GNPDA2 GSK3B 
DNAJC17 DUSP14 EFHD1 EIF4A3 EPHX1 EXOC5 FAM3C FEN1 FN1 GAN GLOD4 GNPNAT1 GSKIP 
DNASE2B DUSP23 EFHD2 EIF4B EPHX2 EXOC6B FAM45A FER1L5 FN3KRP GANAB GLRX GOLGA1 GSN 
DNM1L DUSP3 EFTUD1 EIF4E EPRS EXOC7 FAM49B FERMT1 FNDC1 GAPDH GLRX3 GOLGA2 GSPT1 
DNM2 DUT EFTUD2 EIF4E3 EPS8L2 EXOC8 FAM58A FGA FNTA GAPDHS GLTP GOLGA7 GSR 
DNMT1 DVL3 EGFR EIF4G1 ERAP1 EXOSC4 FAM81A FGB FREM3 GAR1 GLUD1 GOLGB1 GSS 
DNPEP DYNC1H1 EGLN2 EIF4G2 ERGIC1 EXOSC6 FAM83A FGF10 FRMD6 GARS GLUL GOLPH3 GSTK1 
DNPH1 DYNC1I2 EHD1 EIF4H ERH EZR FAM83H FGF2 FRMPD1 GART GM2A GOLPH3L GSTM2 
DOCK6 DYNC1LI2 EHD3 EIF5 ERICH5 F10 FAM96B FGG FRYL GBAS GMDS GOSR2 GSTM3 
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Appendix D. Cornea proteome gene list (continued)                                                                                                                       
GSTM5 HBZ HIST1H2AA HIST1H4K HNRNPDL HSP90AA1 IDS IMPA1 JAGN1 KIAA1671 KRT18 L1TD1 LFNG 
GSTO1 HCAR2 HIST1H2AB HIST1H4L HNRNPF HSP90AB1 IER3IP1 IMPDH2 JAM3 KIAA1958 KRT19 LACRT LGALS1 
GSTP1 HCN4 HIST1H2AD HIST2H2AA3 HNRNPH1 HSP90B1 IFI16 INPP1 JMJD1C KIF13A KRT2 LACTB2 LGALS3 
GSTT1 HDAC1 HIST1H2AE HIST2H2AA4 HNRNPH2 HSPA1A IFITM1 IPO4 JUP KIF13B KRT24 LAD1 LGALS3BP 
GSTT2 HDAC4 HIST1H2BA HIST2H2AB HNRNPH3 HSPA1B IFT27 IPO5 KANK1 KIF1A KRT3 LAGE3 LGALS7 
GSTZ1 HDAC6 HIST1H2BB HIST2H4A HNRNPK HSPA1L IFT74 IPO7 KANK3 KIF1C KRT31 LAMA3 LGALS7B 
GTF2A2 HDDC2 HIST1H2BC HIST2H4B HNRNPL HSPA2 IGF2R IPO9 KANSL3 KIF21A KRT36 LAMA5 LGALS9B 
GTF2I HDGF HIST1H2BE HIST3H3 HNRNPM HSPA4 IGFALS IQGAP1 KARS KIF21B KRT4 LAMB1 LGALSL 
GTPBP1 HDGFRP3 HIST1H2BF HIST4H4 HNRNPR HSPA4L IGFBP2 IRF5 KATNAL2 KIF25 KRT5 LAMB2 LIF 
GUK1 HDHD1 HIST1H2BG HK1 HNRNPU HSPA5 IGFBP5 IRGQ KCNA3 KIF5B KRT6A LAMB3 LIG3 
GYG1 HDHD2 HIST1H2BH HLA-A HNRNPUL1 HSPA6 IGFBP6 IRS4 KCNQ4 KIF7 KRT6B LAMC1 LIN7A 
GYS1 HDHD3 HIST1H2BI HLA-E HNRNPUL2 HSPA8 IGHA1 ISLR KCTD12 KIFC1 KRT6C LAMC2 LIN7C 
H1F0 HDLBP HIST1H3A HM13 HOMER3 HSPA9 IGHG1 ISOC1 KCTD8 KIT KRT7 LAMP1 LMAN1 
H1FOO HEATR1 HIST1H3B HMGA1 HP HSPB1 IGHG2 ISOC2 KDELC2 KLC1 KRT71 LAMP2 LMAN2 
H1FX HEBP1 HIST1H3C HMGB1 HP1BP3 HSPD1 IGHG4 IST1 KDF1 KLKB1 KRT72 LAMTOR1 LMNA 
H2AFV HEBP2 HIST1H3D HMGB2 HPCA HSPE1 IGJ ITGA2 KDM2B KMT2A KRT73 LAMTOR2 LMNB1 
H2AFY HECTD3 HIST1H3E HMGB3 HPCAL1 HSPG2 IGKV3-11 ITGA3 KDM5C KMT2D KRT74 LAMTOR3 LMO7 
H2AFY2 HELB HIST1H3F HMGCL HPR HSPH1 IGKV4-1 ITGA6 KDM7A KNG1 KRT75 LANCL1 LMOD1 
H3F3A HERC4 HIST1H3G HMGN1 HPRT1 HTATIP2 IGLL1 ITGAV KDSR KPNA1 KRT76 LANCL2 LNPEP 
H3F3B HES2 HIST1H3H HMGN2 HPX HTRA1 IGLL5 ITGB1 KERA KPNA3 KRT77 LAP3 LOH12CR1 
H3F3C HEXB HIST1H3I HMGN3 HRAS HUWE1 IGSF10 ITGB4 KHDRBS1 KPNA4 KRT78 LARP7 LOX 
HAAO HIBADH HIST1H3J HN1L HRG HYOU1 IL13RA1 ITGBL1 KHSRP KPNA6 KRT79 LARS LOXL3 
HACD3 HIBCH HIST1H4A HNRNPA0 HRNR IAH1 IL15 ITIH1 KIAA0196 KPNB1 KRT8 LASP1 LPA 
HADH HINT1 HIST1H4B HNRNPA1 HRSP12 IARS IL18 ITIH2 KIAA0368 KRT1 KRT81 LBP LRBA 
HADHA HINT2 HIST1H4C HNRNPA1L2 HSD17B10 IARS2 IL1RAP ITIH4 KIAA1033 KRT10 KRT82 LCN1 LRFN1 
HADHB HIP1 HIST1H4D HNRNPA2B1 HSD17B11 ICT1 IL1RN ITM2B KIAA1109 KRT12 KRT83 LCN2 LRG1 
HAGH HIST1H1B HIST1H4E HNRNPA3 HSD17B12 IDE IL31RA ITPA KIAA1217 KRT13 KRT84 LCP1 LRMP 
HARS HIST1H1C HIST1H4F HNRNPAB HSD17B2 IDH1 ILF2 ITPR3 KIAA1468 KRT14 KRT9 LDHA LRP1 
HBA1 HIST1H1D HIST1H4H HNRNPC HSD17B4 IDH2 ILF3 IVD KIAA1522 KRT15 KRTAP11-1 LDHB LRPAP1 
HBA2 HIST1H1E HIST1H4I HNRNPCL1 HSD17B8 IDH3A ILVBL IVNS1ABP KIAA1598 KRT16 KRTCAP2 LDLRAP1 LRPPRC 
HBB HIST1H1T HIST1H4J HNRNPD HSDL2 IDI1 IMMT JADE3 KIAA1614 KRT17 KTN1 LECT2 LRRC17 
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Appendix D. Cornea proteome gene list (continued)                                                                                                                       
LRRC47 MAMDC2 MCEE MIOS MROH1 MT-ATP8 MYL6 NAV2 NDUFB4 NHP2L1 NPLOC4 NUDT21 ORMDL1 
LRRC57 MAN2B1 MCFD2 MKLN1 MRPL11 MTBP MYL6B NBEAL2 NDUFB5 NID1 NPM1 NUDT3 OSBP 
LRRC59 MANBAL MCTS1 MLEC MRPL12 MTCH1 MYLK NCAM1 NDUFB6 NIF3L1 NPNT NUDT5 OSTC 
LRRFIP1 MANF MDH1 MLF2 MRPL13 MTCH2 MYLPF NCBP1 NDUFB7 NIPSNAP1 NPR2 NUMA1 OSTF1 
LRRFIP2 MANSC1 MDH2 MLK4 MRPL18 MT-CO1 MYO18A NCBP2 NDUFB8 NIPSNAP3A NPTN NUP133 OTUB1 
LSM12 MAOA MDM1 MLLT4 MRPL2 MT-CO2 MYO1A NCCRP1 NDUFB9 NIT1 NQO1 NUP155 OXR1 
LSM2 MAP1LC3A MDP1 MMAB MRPL21 MT-CYB MYO1B NCK1 NDUFC2 NIT2 NQO2 NUP160 OXSR1 
LSM3 MAP1S MED20 MME MRPL27 MTDH MYO1C NCKAP1 NDUFS1 NKIRAS1 NR2F2 NUP205 P4HB 
LSM4 MAP2 MELK MMP14 MRPL33 MTG2 MYO1D NCL NDUFS2 NKIRAS2 NRAS NUP62 PA2G4 
LSM6 MAP2K1 MEMO1 MMP2 MRPL40 MTHFD1 MYO1E NCOA6 NDUFS3 NLN NRK NUP93 PAAF1 
LSM7 MAP2K2 MESDC2 MMP3 MRPL43 MTHFS MYO1H NDRG1 NDUFS4 NLRC3 NRM NUTF2 PABPC1 
LSM8 MAP2K4 METAP1 MMS19 MRPS17 MTMR10 MYO5B NDRG2 NDUFS5 NME1 NRP2 NWD2 PABPC4 
LSS MAP4 METRNL MOB1B MRPS23 MT-ND2 MYO5C NDUFA10 NDUFS6 NME2 NSDHL NXF1 PABPN1 
LTA4H MAPK1 METTL3 MOB2 MRPS24 MT-ND6 MYO6 NDUFA11 NDUFS7 NME3 NSF NXN PACSIN2 
LTF MAPK13 METTL7A MOB4 MRPS28 MTOR MYOC NDUFA12 NDUFS8 NMNAT1 NSFL1C NYAP1 PACSIN3 
LUM MAPK3 MFGE8 MOCS2 MRPS36 MTPN MYOF NDUFA13 NDUFV1 NMT1 NSMAF OARD1 PAFAH1B1 
LXN MAPK8 MFSD10 MOCS2 MRPS9 MUC21 NAA15 NDUFA2 NDUFV2 NMUR1 NSUN2 OAS1 PAFAH1B2 
LYPD2 MAPK8IP3 MFSD6L MOGS MRRF MUT NAA50 NDUFA3 NEB NNMT NSUN6 OAS3 PAFAH1B3 
LYPD3 MAPRE1 MGA MON2 MSH6 MVB12A NACA NDUFA4 NEBL NNT NT5C OCIAD1 PAICS 
LYPLA1 MARCH10 MGARP MOS MSI2 MVK NADSYN1 NDUFA4L2 NECAP2 NOG NT5C2 OCIAD2 PAK2 
LYPLA2 MARCKS MGAT1 MOV10 MSLN MVP NAE1 NDUFA5 NEDD8 NOL3 NT5DC1 OGDH PANK4 
LYPLAL1 MARK2 MGEA5 MOXD1 MSN MXRA7 NAGK NDUFA6 NEFH NOLC1 NTN1 OGDHL PAPLN 
LYZ MARS MGMT MPC1 MSRA MYCBP NAMPT NDUFA7 NEFL NOMO1 NTPCR OGN PAPSS1 
LZIC MAST3 MGP MPC2 MSRB3 MYCBP2 NANS NDUFA8 NEK10 NONO NUCB1 OLA1 PARK7 
M6PR MAT1A MGST1 MPI MT1A MYDGF NAP1L1 NDUFA9 NEK6 NOP10 NUCKS1 OLFM1 PARP1 
MACF1 MAT2B MGST2 MPP5 MT1E MYH10 NAP1L4 NDUFAB1 NELFB NOP56 NUDC OLFML1 PARP4 
MAGOH MATN2 MGST3 MPST MT1G MYH11 NAPA NDUFAF3 NENF NOP58 NUDCD2 OLFML3 PAX6 
MAGT1 MATR3 MIEN1 MPZL2 MT1X MYH14 NAPG NDUFB1 NFU1 NPC1 NUDT14 OPA1 PBDC1 
MAL MB MIF MRC2 MT2A MYH2 NAPRT NDUFB10 NHLH1 NPC1L1 NUDT16 OPTC PCBD1 
MAL2 MBOAT7 MINK1 MRE11A MTAP MYH9 NARS NDUFB11 NHLRC2 NPC2 NUDT16L1 ORM1 PCBD2 
MALT1 MC1R MINOS1 MRI1 MT-ATP6 MYL12A NASP NDUFB3 NHP2 NPEPPS NUDT2 ORM2 PCBP1 
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Appendix D. Cornea proteome gene list (continued)                                                                                                                       
PCBP2 PDXK PGRMC1 PLCL2 POR PPP3R1 PRPF8 PSMB9 PTGES RAB12 RABL3 RBM25 RHOT2 
PCDH1 PDZD4 PGRMC2 PLEC POTEE PPP4C PRPS1 PSMC1 PTGES3 RAB13 RAC1 RBM3 RMDN1 
PCDHA4 PDZD7 PHB PLEKHF2 PPA1 PPP6C PRPS2 PSMC2 PTGFRN RAB14 RAD23A RBM39 RNASE1 
PCDHAC2 PDZD8 PHB2 PLG PPA2 PPP6R3 PRPSAP1 PSMC3 PTGR1 RAB18 RAD23B RBM8A RNASE4 
PCF11 PEA15 PHF5A PLGRKT PPAP2B PPT1 PRPSAP2 PSMC4 PTGR2 RAB1A RAD50 RBMX RNASEL 
PCMT1 PEBP1 PHGDH PLIN3 PPCS PRAF2 PRR12 PSMC5 PTMA RAB1B RAE1 RBMXL1 RNASET2 
PCNA PEF1 PHLDA3 PLOD1 PPIA PRAME PRR16 PSMC6 PTMS RAB21 RAI1 RBMXL2 RNF170 
PCNP PEPD PHPT1 PLP2 PPIB PRDX1 PRR4 PSMD1 PTPN1 RAB22A RAI14 RBP1 RNF39 
PCOLCE PEX1 PHYHD1 PLS1 PPIC PRDX2 PRRC2C PSMD10 PTPN4 RAB24 RALA RBP3 RNH1 
PCP4 PEX11B PICALM PLS3 PPID PRDX3 PRTG PSMD11 PTPRA RAB25 RALB RBP4 RNPEP 
PCYOX1 PFDN1 PIGR PLSCR4 PPIG PRDX4 PRX PSMD12 PTRF RAB27B RALGAPB RBX1 RPA1 
PCYT1A PFDN2 PIN1 PLTP PPIH PRDX5 PSAP PSMD13 PTRH2 RAB29 RALY RCC2 RPA2 
PCYT2 PFDN4 PIN4 PLXDC2 PPIL1 PRDX6 PSAT1 PSMD14 PTRHD1 RAB2A RALYL RCN1 RPA3 
PDAP1 PFDN5 PIP PLXNA2 PPIL3 PRELP PSCA PSMD2 PUF60 RAB2B RAN RCN2 RPL10 
PDCD10 PFDN6 PIR PMM2 PPL PREP PSMA1 PSMD3 PURA RAB35 RANBP1 RCN3 RPL10A 
PDCD4 PFKL PITHD1 PMP22 PPM1A PREX1 PSMA2 PSMD4 PURB RAB3A RANBP2 RDH11 RPL10L 
PDCD5 PFKM PITPNA PMVK PPM1G PRKAA1 PSMA3 PSMD5 PUS1 RAB3D RAP1A RDH13 RPL11 
PDCD6 PFKP PITPNB PNP PPME1 PRKACA PSMA4 PSMD6 PVALB RAB3GAP2 RAP1B RDX RPL12 
PDCD6IP PFN1 PKIA PNPLA8 PPP1CA PRKAG1 PSMA5 PSMD7 PVRL1 RAB4A RAP2A RECQL RPL13 
PDDC1 PFN2 PKM PNPO PPP1CB PRKAR2A PSMA6 PSMD8 PVRL4 RAB4B RAP2B REEP5 RPL13A 
PDE12 PGAM1 PKP1 POF1B PPP1R10 PRKCD PSMA7 PSMD9 PYCARD RAB5A RAP2C REEP6 RPL14 
PDE6D PGD PKP2 POFUT1 PPP1R13L PRKCSH PSMA8 PSME1 PYGB RAB5B RARRES2 REG1A RPL15 
PDGFB PGK1 PKP3 POLR1C PPP1R14B PRKDC PSMB1 PSME2 PYGL RAB5C RARS REG3A RPL17 
PDGFRL PGK2 PLA2G2A POLR2D PPP1R1B PRKRA PSMB10 PSME3 PYGM RAB6A RASAL1 REPS1 RPL18 
PDHA1 PGLS PLA2G4A POLR2E PPP1R7 PRKX PSMB2 PSME4 PZP RAB6B RASIP1 RETSAT RPL18A 
PDHB PGLYRP2 PLAA POLR2G PPP2CA PRMT1 PSMB3 PSMF1 QARS RAB7A RBBP4 REXO2 RPL19 
PDIA3 PGM1 PLAC9 POLR2H PPP2R1A PROM2 PSMB4 PSPH QDPR RAB8A RBBP9 RFWD2 RPL21 
PDIA4 PGM2 PLBD1 POLR2I PPP2R1B PROSC PSMB5 PTBP1 QPCT RAB8B RBKS RHEB RPL22 
PDIA6 PGM2L1 PLCB2 POLR2L PPP2R2A PRPF19 PSMB6 PTCHD3 RAB10 RAB9A RBM14 RHOA RPL23 
PDLIM1 PGM3 PLCD1 PON1 PPP2R4 PRPF40A PSMB7 PTER RAB11A RABAC1 RBM15 RHOC RPL23A 
PDLIM5 PGM5 PLCH1 POP1 PPP2R5D PRPF6 PSMB8 PTGDS RAB11B RABIF RBM15B RHOG RPL24 

 
  



 Appendix D: Cornea proteome gene list 

 

366 |  P a g e
 

 
 
Appendix D. Cornea proteome gene list (continued)                                                                                                                       
RPL26 RPN2 RPS6KA3 S100B SDHAF4 SERBP1 SFN SLC25A24 SMIM20 SORBS1 SRP54 STAT1 SUPT16H 
RPL26L1 RPRD1B RPS7 S100P SDHB SERPINA1 SFPQ SLC25A25 SNAP23 SORD SRP68 STAT3 SURF4 
RPL27 RPS10 RPS8 SAA4 SEC11A SERPINA11 SFXN1 SLC25A3 SNAP29 SORL1 SRP72 STAU1 SUSD2 
RPL27A RPS11 RPS9 SAE1 SEC11C SERPINA3 SFXN3 SLC25A4 SNAPIN SOS1 SRP9 STC1 SVEP1 
RPL28 RPS12 RPSA SAFB SEC13 SERPINA4 SGSM1 SLC25A5 SNCG SOX15 SRPR STEAP4 SWAP70 
RPL29 RPS13 RQCD1 SAMD4A SEC16B SERPINA5 SGTA SLC25A6 SND1 SP140L SRPRB STIM1 SYK 
RPL3 RPS14 RRAGA SAMD9 SEC22B SERPINA6 SH3BGRL SLC26A2 SNED1 SP8 SRPX2 STIP1 SYNCRIP 
RPL30 RPS15 RRAS SAR1A SEC23A SERPINA7 SH3BGRL2 SLC27A6 SNF8 SPARCL1 SRR STK11 SYNE1 
RPL31 RPS15A RRAS2 SAR1B SEC23B SERPINB1 SH3BGRL3 SLC2A1 SNRNP200 SPATA21 SRRM1 STK26 SYNE2 
RPL32 RPS16 RRBP1 SARNP SEC23IP SERPINB12 SH3BP1 SLC35B4 SNRNP40 SPCS2 SRRT STK39 SYNGR1 
RPL34 RPS17 RRM2B SARS SEC24B SERPINB3 SH3GLB1 SLC37A2 SNRNP70 SPCS3 SRSF1 STMN1 SYNGR2 
RPL35 RPS18 RSF1 SART3 SEC24C SERPINB5 SH3GLB2 SLC3A2 SNRPA SPDYA SRSF10 STOM SYNJ2BP 
RPL35A RPS19 RSU1 SBDS SEC31A SERPINB6 SH3PXD2A SLC44A2 SNRPA1 SPICE1 SRSF2 STOML2 SYPL1 
RPL36 RPS2 RTCA SBSN SEC61A1 SERPINB8 SHBG SLC4A4 SNRPB SPIN4 SRSF3 STRAP SYTL1 
RPL36A RPS20 RTCB SCAF8 SEC61B SERPINB9 SHMT1 SLC9A3R1 SNRPB2 SPINK5 SRSF4 STRN SZRD1 
RPL36AL RPS21 RTN3 SCAMP2 SEC61G SERPINC1 SHMT2 SLFN5 SNRPC SPINT1 SRSF5 STT3A TACSTD2 
RPL37A RPS23 RTN4 SCARB2 SEC62 SERPIND1 SHPK SLIRP SNRPD1 SPON1 SRSF6 STUB1 TAF15 
RPL38 RPS24 RUVBL1 SCD5 SEC63 SERPINF1 SHROOM3 SLK SNRPD2 SPP1 SRSF7 STX12 TAGLN 
RPL3L RPS25 RUVBL2 SCEL SEH1L SERPINF2 SIAE SLPI SNRPD3 SPR SRSF9 STX3 TAGLN2 
RPL4 RPS26 RWDD4 SCFD1 SEL1L SERPING1 SIGMAR1 SMAD2 SNRPE SPRR2D SRXN1 STX7 TALDO1 
RPL5 RPS27 S100A10 SCGB1D1 SELENBP1 SERPINH1 SIRPA SMARCA5 SNRPF SPRYD4 SSB STX8 TAP1 
RPL6 RPS27A S100A11 SCGB2A1 SEMA3B SET SKIV2L2 SMARCC2 SNX1 SPTAN1 SSBP1 STXBP2 TARDBP 
RPL7 RPS27L S100A13 SCIN SEMA3C SF1 SKP1 SMARCD1 SNX12 SPTB SSH3 SUB1 TARS 
RPL7A RPS28 S100A14 SCP2 SEP10 SF3A1 SLC12A2 SMARCD2 SNX2 SPTBN1 SSR1 SUCLG1 TATDN1 
RPL7L1 RPS29 S100A16 SCRIB SEPP1 SF3A2 SLC12A4 SMC1A SNX27 SPTBN2 SSR3 SUCLG2 TAX1BP3 
RPL8 RPS3 S100A2 SCRN2 SEPT11 SF3A3 SLC16A9 SMC3 SNX3 SPTLC1 SSR4 SUGT1 TBC1D15 
RPL9 RPS3A S100A4 SCYL2 SEPT2 SF3B1 SLC1A5 SMC4 SNX5 SQRDL SSRP1 SULT1A1 TBC1D17 
RPLP0 RPS4X S100A6 SDC1 SEPT6 SF3B2 SLC25A1 SMCHD1 SNX6 SRCAP ST13 SUMF2 TBC1D2 
RPLP1 RPS5 S100A7A SDCBP2 SEPT7 SF3B3 SLC25A11 SMDT1 SOD1 SRI STAG1 SUMO2 TBC1D9B 
RPLP2 RPS6 S100A8 SDF2L1 SEPT8 SF3B4 SLC25A12 SMG1 SOD2 SRM STARD10 SUN2 TBCA 
RPN1 RPS6KA1 S100A9 SDHA SEPT9 SF3B6 SLC25A13 SMG8 SOD3 SRP14 STARD13 SUN3 TBCB 
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TBRG1 TIA1 TMEM14C TOMM20 TREX1 TUBB1 UBE2N UNC93B1 VASP VTI1B XRN2 
TCAF2 TIAL1 TMEM167A TOMM22 TRIM16 TUBB2A UBE2V1 UNK VAT1 VTN YAP1 
TCEA1 TIMM13 TMEM19 TOMM40 TRIM16L TUBB3 UBE2V2 UPF1 VAV2 VWA5A YARS 
TCEAL3 TIMM44 TMEM205 TOMM6 TRIM25 TUBB4A UBE2Z UPK1B VBP1 WARS YBX1 
TCEB1 TIMM8A TMEM230 TOMM70A TRIM28 TUBB4B UBE4A UPK3BL VCL WASF2 YBX3 
TCEB2 TIMP1 TMEM245 TOP1 TRIM29 TUBB6 UBL4A UQCR10 VCP WBP2 YIF1A 
TCF19 TIMP2 TMEM249 TP53I13 TRIM36 TUFM UBL5 UQCRB VCPIP1 WDFY1 YKT6 
TCHHL1 TIMP3 TMEM33 TP53I3 TRIO TWF1 UBLCP1 UQCRC1 VDAC1 WDR1 YPEL5 
TCOF1 TIPRL TMEM40 TPD52 TRIP10 TWF2 UBP1 UQCRC2 VDAC2 WDR11 YWHAB 
TCP1 TJP1 TMEM43 TPD52L1 TRIP6 TXN UBQLN1 UQCRH VDAC3 WDR36 YWHAE 
TCTN3 TJP2 TMEM70 TPD52L2 TRIQK TXNDC12 UBQLN2 UQCRQ VIM WDR5 YWHAG 
TECR TK2 TMOD3 TPI1 TRMT112 TXNDC17 UBR1 USMG5 VIT WDR61 YWHAH 
TES TKT TMPO TPK1 TROVE2 TXNDC5 UBR4 USO1 VKORC1L1 WDR77 YWHAQ 
TEX10 TLN1 TMPO TPM1 TSC22D1 TXNL1 UBR5 USP10 VMA21 WDR82 YWHAZ 
TF TLR10 TMPRSS11D TPM3 TSG101 TXNL4A UBTF USP14 VPS13A WIBG ZBTB48 
TFAM TLR5 TMSB4X TPM4 TSN TXNRD1 UBXN1 USP17L1 VPS13C WNK1 ZC3H4 
TFEC TM9SF3 TMTC3 TPMT TSNAX U2AF1 UBXN4 USP21 VPS16 WNT6 ZG16B 
TFG TMA7 TMX1 TPP1 TSPO U2AF2 UCHL1 USP4 VPS25 WRAP73 ZNF185 
TFRC TMBIM1 TMX4 TPP2 TST U2SURP UCHL3 USP5 VPS26A WTIP ZNF207 
TGFBI TMC3 TNFAIP2 TPR TSTA3 UACA UCHL5 USP7 VPS26B WWP1 ZNF213 
TGM1 TMCO1 TNFAIP6 TPRA1 TSTD1 UBA1 UFC1 USP9X VPS28 WWP2 ZNF318 
TGM2 TMED10 TNFAIP8L3 TPRKB TTC37 UBA2 UFD1L UTP20 VPS29 XDH ZNF326 
TGOLN2 TMED2 TNKS1BP1 TPT1 TTLL12 UBA3 UFL1 UXS1 VPS35 XIRP2 ZNF385B 
THBS1 TMED3 TNN TRA2A TTN UBA6 UFM1 VAMP1 VPS39 XPC ZNF398 
THBS4 TMED4 TNPO1 TRA2B TTR UBAP2L UGDH VAMP2 VPS41 XPNPEP1 ZNF580 
THEM6 TMED5 TNPO3 TRAP1 TUBA1A UBE2D2 UGGT1 VAMP7 VPS45 XPO1 ZNF624 
THOC3 TMED7 TNS2 TRAPPC1 TUBA1B UBE2D3 UGP2 VAMP8 VPS4B XPO5 ZNF764 
THOP1 TMED9 TNXB TRAPPC3 TUBA1C UBE2I UGT3A1 VAPA VPS51 XPO7 ZNF770 
THRAP3 TMEM109 TOLLIP TRAPPC4 TUBA4A UBE2K UMPS VAPB VSIG4 XPOT ZNF813 
THUMPD1 TMEM11 TOM1 TRAPPC5 TUBAL3 UBE2L3 UNC45A VARS VSNL1 XRCC5 ZNF839 
THYN1 TMEM121 TOM1L2 TRAPPC6B TUBB UBE2M UNC5B VASN VTA1 XRCC6 ZYX 
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Appendix E: Lens proteome gene list (Hains & Truscott, 2010) 
6PGD CAH2 CRYAA ENOB HBA LGUL PDIA3 RB11B RSSA TCPB 
6PGL CAPR2 CRYAB ENPL HBB LSAMP PEBP1 RET1 S100B TCPG 
A1AT CBR1 CRYL1 ERP29 HBG M6PBP PGAM1 RL12 S10A4 TCPZ 
ABHEB CBR3 CTNA1 EST1 HMGB1 MAP4 PGAM2 RL13 SAHH TDRD7 
ACTG CG024 CTNB F107B HNRPK MARE1 PGAM4 RL13A SAHHB TERA 
ADDA CHSP1 CXA3 F10A1 HPPD MDHC PGK1 RL15 SDOS TKT 
AKAP2 CLH CXA8 FAAA HS90A MIF PHS RL27 SHRM3 TPIS 
AL1A1 CLUS CYTB FABPA HSP76 MIP PIMT RL27A SNX3 TRFE 
ALBU CNDP2 DDAH1 FABPE HSP7C MLZE PLEC1 RL31 SODC TRI47 
ALDOA COF1 DEMA FABPH HSPB1 MOES PMGE RL34 SORCN TYB10 
ALDOC COTL1 DHPR FETA IF4A1 MTPN PPIA RL4 SPB6 TYB4 
ALDR CRBA1 DHSO FLNA IF5A1 MYL6 PPIB RL8 SPB9 UB2L3 
AMPM2 CRBA2 DPYL2 FRIL ILEU NB5R2 PRAX ROA2 SPTA2 UB2V2 
ANK2 CRBA4 DYHC G3P IMB1 NDK PRDX1 RS11 SPTB2 UBC12 
ANK3 CRBB1 E41L2 G6PI K1C9 NDRG1 PRDX2 RS14 STMN1 UBC13 
ANXA2 CRBB2 EF1A1 GDIA K2022 NP1L4 PRDX4 RS18 TAGL2 UBE1 
BASP CRBB3 EF1B GDIB K6PL NRCAM PRDX6 RS19 TBA1A UBIQ 
BFSP1 CRBS EF1D GLUD1 KPYM PALM PROF1 RS23 TBB UCHL1 
BFSP2 CRGA EF1G GSHB LCTL PALM2 PSA RS28 TBB4 UK114 
BHMT1 CRGB EF2 GSHR LDHA PARK7 PUR6 RS4 TBB5 VATA 
CA128 CRGC ENO GSTP1 LDHB PCBP1 PYGB RS7 TBCB VIME 
CADH2 CRGD ENOA H13 LEG3 PDCD5 QORX RS8 TCPA2 WBP2 
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Appendix F. Neuromuscular defects candidate gene list 
Intellectual disability 

ACSL4 BBS4 COH1  ERCC4 GNPAT KCNJ10 NAGLU PQBP1 SLC16A2 TCF4 
ACY1 BBS5 CRBN ERCC5 GNS KCNK9 NDP PRPS1 SLC1A1 TERT 
ADSL BBS7 CREBBP ERCC6 GRIA3 KIRREL3 NHS PRSS12 SLC25A15 TM4SF2 
AGA BBS9 CTNND2 ERCC8 GRIK2 L1CAM NKX2-1 RAB18 SLC2A1 TRAPPC9 

AGPS BCKDHA CUL4B ESCO2 GTF2H5 LAMP2 NLGN4X RAB39B SLC6A8 TRIM32 
AGTR2 BCKDHB DBT FAH GUSB LMX1B NRXN1 RAB3GAP1 SLC9A6 TSPAN12 

ARHGEF6 C2ORF37 DDB1 FH H19 LRP5 NSDHL RAB3GAP2 SLURP1 TTC8 
ARL6 CA8 DDB2 FLNA  HDAC4 MAGT1  NUP62 RAI1 SMCX TUSC3 
ARX CASK DDX11 FLT4 HGSNAT MAN2B1 OGDH RAPSN SMS UPF3B 
ASL CC2D1A DIP2B FMR1 HOXA1 MANBA OPHN1 RBM28 SOX18  UROC1 

ASXL1 CCBE1 DLD FMR2 HPD MAOA ORC1 RPS6KA3 SOX3 VLDLR 
ATCAY CD96 DLG3 FOXC2  HSD17B10 MBD5 ORC4 SAR1B SRPX2 XPA 
ATN1 CDH15 DOCK8 FTCD HUWE1 MBTPS2 OTC SC5DL ST3GAL3 XPC 

ATP6AP2 CDT1 DOK7 FTO IDS MED12 PAK3 SEMA3E STRADA ZBTB16 
ATR CENPJ DPYS FTSJ1 IDUA MEF2C PCDH19 SEMA5A SYN1 ZDHHC15 

ATRX CEP152 DYM FZD4 IGBP1 MID1 PEPD SETBP1 SYNGAP1 ZDHHC9 
BBS1 CEP290 EP300 GAMT IGF2 MKKS PEX7 SGSH SYP ZEB2 

BBS10 CGI58 ERCC1 GATM IL1RAPL1 MKS1 PHF6 SHANK3 TAT ZNF41 
BBS12 CHD7 ERCC2 GDI1  INSR MLL2 PHF8 SHROOM4 TBCE ZNF81 
BBS2 CNTNAP2 ERCC3 GLUT1 IQSEC2 NAGA POLH SLC12A6 TBX4  

ABCD1 ATP7A DKC1 FGD1 HCCS KDM5C OFD1 PORCN RBM10 TSPAN7 
AP1S2 BCOR DMD GK HDAC8 OCRL PGK1 PTCHD1 SMC1A UBE2A 

ARHGEF9 BRWD3 FANCB GPC3 HPRT1      
Hypotonia and seizures 

ABAT ATXN1 BTD CLCN2 GABRD LGI1 PHGDH RYR1 SLC19A3 TBC1D24 
ACP2 ATXN10 CACNA1A D2HGDH GABRG2 MECP2 PLOD1 SCN1A SLC25A12 TBP 

ACTA1 ATXN2 CACNB4 EFHC1 GPR98 NAGS PNPO SCN1B SNRPN TDP1 
ADCK3 ATXN3 CDKL5 EHMT1 HMGCL NDN PPP2R2B SCN9A SPTBN2 TTBK2 
AFG3L2 ATXN7 CHRNA2 FGF14 IDH2 NOP56 PRKCG SCO2 SUOX UBE3A 

ALDH5A1 ATXN8 CHRNA4 FOXG1B ITPR1 OCLN PSAT1 SEPN1 SYNE1 ZNF592 
ANO10 BEAN1 CHRNB2 GABRA1 KCNC3 PDYN  

The table of candidate neuromuscular genes was generated using the KEGG disease database (section 2.2.2.14), OMIM (section 2.2.2.18), GeneCards (section 2.2.2.11), 
MGI (section 2.2.2.15), and with reference to a previous report (Piton et al., 2013) (shaded in grey).  
 


